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INTRODUCTORY REMARKS 


Kenneth F. Gregory 
Department of Microbiology, Ontario Agricultural College, Guelph, Ont., Canada 


It has long been recognized that enzymes from different species that have 
the same substrate specificity and catalyze the same reaction may nevertheless 
differ markedly in various other properties. It had been commonly inferred, 
but rarely demonstrated, that such isodynamic enzymes from diverse tissues of 
an organism also differed. The practice of identifying an enzyme by the species 
and tissue or organ from which it originated has, accordingly, been widely and 
prudéntly followed. Evidence that this designation is not necessarily sufficient 
to specify an enzyme appeared over two decades ago when naturally oc- 
curring multiple forms of pepsin and artificially produced multiple forms of 
chymotrypsin were reported. Occasional similar reports for other enzymes 
were published in the following 15 years, but it was not until 1957 that a con- 
siderable number of papers began to appear on this subject. Since then inter- 
est in multiple molecular forms of enzymes, as judged by number of publica- 
tions, has increased rapidly. Far more publications on enzyme heterogeneity 
have appeared during the last two or three years than the total of such publica~ 
tions previously. 

It is apparent that enzyme heterogeneity is a common phenomenon. More 
than 30 enzymes have been shown to exist in multiple forms within individual 
organisms. They have been observed in both plants and animals, in unicellular 
‘microorganisms as well as multicellular species. They have been distinguished 
on the basis of a variety of characteristics including electrophoretic and chro- 
matographic behavior, serological specificity, differential solubility, and dif- 
ferential response with coenzyme analogues. Heterogeneity has been ob- 
served in enzymes with widely divergent functions, the oxidases as well as the 
anaerobic dehydrogenases, the dehydrases as well as the hydrolases, to mention 
but a few. 

The importance of the study of multiple forms of enzymes stems in part 
from their frequent but by no means universal occurrence. Their study 
promises to expand our knowledge in a variety of fields ranging from embry- 
ology and the study of evolution to physiology and pathology. Study of them 
has already proved that it has clinical diagnostic applications. The omnipres- 
ent possibility of heterogeneity in an enzyme isolated from any unstudied 
‘source is clearly an important factor to be considered in any enzymatic in- 
vestigation. 

_ The very existence of closely related multiple forms of enzymes poses many 
questions. Does the presence of more than one form of an enzyme offer any 
advantage to an organism? Are the multiple forms synthesized individually 
or are they all derived from one fundamental form? How do the multiple 
forms differ chemically and structurally from each other? What is the rela- 
tionship of multiple forms of enzymes to phylogeny and ontogeny? Papers 
fncluder in this monograph contain data that enable us to begin answering some 
of these questions. 
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Some of the papers included here concern multiple forms of enzymes that 


show some variation in substrate specificities and perhaps should be considered _ 


distinctly different enzymes. Likewise, at least one paper deals with multiple i 


forms that may exist in the laboratory but not in nature. Indeed, some of the 
other multiple forms reported might, unknowingly, belong in one or the other 
of these two categories. A consideration of these peripheral cases is important 
if only because it is of assistance in delineating and defining naturally occurring 
multiple molecular forms of enzymes in a strict sense. 

The widespread occurrence of multiple molecular forms of enzymes presents 
novel problems of nomenclature. Should a group of closely related proteins 
occurring in one organism and having identical substrate specificity and 
catalytic function be considered separate enzymes or variants of one enzyme? 
What should such a group of enzymes be called and how should each individual 


form be designated? What criteria should be used to identify such a group of 


enzymes? How may one be sure that the multiple forms of an enzyme which 
one observes exist naturally and do not arise from changes occurring during 
their isolation? These are questions that various papers in this monograph 
answer in different ways. In an attempt to achieve some uniformity in no- 
menclature these questions were discussed by a panel and in open discussion on 
the last day of the conference on which this publication is based. 
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CHROMATOGRAPHIC HETEROGENEITY OF SOME ENZYMES IN 
NORMAL TISSUES AND TUMORS* 


B. W. Moore and P. U. Angeletti 


Department of Psychiatry and Neurology, School of Medicine, and 
Department of Zoology, Washington University, St. Louis, Mo. 


Chromatography on ion-exchange cellulose derivatives, as developed by 
Peterson and Sober, is a method that has been used to purify many enzymes 
from various sources.' In our laboratory, soluble proteins of liver, brain, and 
other organs have been fractionated by modifications of this method, the 
validity and resolution of which have been demonstrated by the localization 

of enzyme activities as sharp peaks in the chromatograms? (FIGURE 1). 

One problem that generally arises when continuous methods of protein 
fractionation (such as zone electrophoresis or chromatography) are applied to 
crude extracts of organs is that of the appearance of multiple, separable forms 
of the same activity. This phenomenon is shown for hexokinase, glucose-6- 
phosphate dehydrogenase, and acid phosphatase from rat liver in FIGURE 1. 

‘In the chromatograms multiple forms of malic dehydrogenase, glutamic- 
oxalacetic transaminase, and 8-glucuronidase activities from liver have been 
found as well.? 

The proportions of each form of a multiple form enzyme are characteristic of 
the organ of origin, as shown by Markert and Moller* and others, and as shown 
(FIGURE 2) in chromatograms of rat organ extracts.® 
_ Multiple forms could be chemically variant proteins with identical or closely 
similar enzyme activities, presumably with a gene determining each molecular 
form, or determining at least one peptide chain in the forms; or they could be 
the same protein molecule existing in different forms, arising for example by 
binding to other molecules or by aggregation; or they could be artifacts of 
preparation, such as denatured or degraded forms of the same protein molecule. 

One of the criteria used to show that multiple forms of an enzyme activity 
represent in fact different molecules is that each form, when separately put 
through the fractionation procedure again, should not be converted into the 
other forms. This is evidenced, during the refractionation, by the quantitative 
recovery of activity asa single form. This criterion has been met for glucose-6- 

phosphate dehydrogenase and glutamic-oxalacetic transaminase from rat 
- liver,? and for the multiple forms of acid phosphatase (see under Results, below). 

However, this criterion is not sufficient, and there must be evidence inde- 
pendent of the fractionation procedure, since conceivably the conversion of one 
form to another, if it can occur, might not occur appreciably under the condi- 

tions of the fractionation. For example, binding of a molecule to the enzyme 
“might be tight or irreversible, or the enzyme might be degraded or denatured 
irreversibly, retaining its activity but behaving differently chromatographically. 
Such independent evidence might include kinetic, immunological, physical, or 
chemical differences demonstrated among the forms. In this paper are de- 
“scribed the separation of multiple forms of acid phosphatase activity from 
= 


_ * The work described in this article was supported in part by Research Grant C 5228 Met. 
from the National Cancer Institute, Public Health Service, Bethesda, Md. 
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liver and brain, and the demonstration that the forms differ in their enzymatic 
properties. 
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FicureE 1. Separation of rat-liver soluble proteins on DEAE-cellulose. Enzyme actiy- _ 
ities are in mM /hour. 


Methods 


Organs or tumors removed from decapitated and bled animals were homog- 
enized in 3 volumes of 0.01 M tris-phosphate pH 8.0. The rat liver and brain — 
extracts, and the rabbit liver extracts were centrifuged at 100,000 g for 60 min., 
the other extracts at 15,000 g for 120 min. The supernatants were equilibrated — 
with the same buffer by dialysis or by passing them through Sephadex columns, — 
and then they were eluted by a chloride gradient developed with a 9-chambered 
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gradient device.* The gradient had the shape shown in ricureEs 1 and 3: the 
limit buffer was 1 M NaCl, 50 mM sodium phosphate, pH 6.2. All puters 
were prepared in 10 mM 2-mercaptoethanol. Protein was measured by the 
Lowry® method. Acid phosphatase activity was assayed (unless otherwise 
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 Ficure 2. Localization of glucose-6-phosphate dehydrogenase (G-6-PDH) and 6-phos- 
phogluconic dehydrogenase (6-PGDH) in chromatograms of soluble proteins from different 
rat tissues. Enzyme activities are in mM /hour. 


indicated) with 20 mM p-nitrophenyl! phosphate as substrate in 0.1 M sodium 
citrate pH 5.2 in'the presence of 0.05 per cent bovine plasma albumin. 


Results 


_ Acid phosphatase of rat liver was separated chromatographically (FIGURE 3) 
into 3 major and 1 minor peaks of activity. Recovery of activity was 80 to 90 


* Technicon “Autograd.’’® 
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per cent. Peaks II and III were not separated from each other by a parabolic 
chloride gradient, and were split apart only when the gradient was expanded 
in the region of 0.1 M chloride, as shown in FIGURE 3. Peak I did not bind to 
DEAE-cellulose. Peak I, when rechromatographed on CM-(carboxymethyl-) 
cellulose, was adsorbed by the ion-exchanger at pH 6.0, but yielded only a 
single peak of activity when eluted by a phosphate gradient. Each of the 4 
forms was rechromatographed on DEAE-cellulose, and each gave a single peak 
with quantitative recovery at the expected position. The three major forms 
were also found in rat brain (FIGURE 4). 
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FicureE 3. Localization of acid-phosphatase activity from rat liver in DEAE- 
column fractions. The dashed line shows the chloride ores : er 


FIGURES 5 and 6 show the plots for determining Michaelis constants for the 
3 major forms from liver. Essentially similar results were obtained with the 
corresponding forms of brain. The 3 forms for liver differ in pH optima 
(FIGURE 7) and in sensitivity to fluoride inhibition (FIGURE 8). TABLE 1 sum-_ 
marizes the enzymatic properties of the chromatographically separated forms 
of acid phosphatase from rat, rabbit, and chicken organs. In addition to the 
differences in pH optima, Michaelis constants, and fluoride inhibition, there 
are variations among the forms in their relative specificities for the substrates 
a- and B-glycerophosphate and p-nitrophenyl phosphate. 

Chicken liver (TABLE 1) yielded two forms of acid phosphatase. In contrast 
to those from rat liver, the basic peak (peak I not adsorbed to DEAE-cellulose) — 
was the form that had the higher pH optimum, the lower Km, and that was 
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FicurE 5. Michaelis constants for rat-liver acid phosphatase forms with /-nitrophenyl 
phosphate as substrate in pH 5.2 citrate buffer at 37° C. 
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Ficure 6. Michaelis constants for rat-liver acid phosphatase forms with p-nitrophenyl 
phosphate as substrate in pH 5.2 citrate buffer at 37° C. 
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less sensitive to fluoride inhibition. Similar results were obtained for chicken 
brain. Each of the two forms was rechromatographed and each gave a single 
peak at the expected position. 

Rabbit liver (TABLE 1) gave, in addition to 3 forms comparable to the major 
forms of rat liver, a fourth form that was not eluted from the column until 180 
mM chloride was reached, and was inhibited by fluoride. 
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Ficure 7. Optimum #H values for rat-liver acid phosphatase forms with p-nitrophenyl 
phosphate as substrate in citrate buffers. 


Some rat and mouse tumors (TABLE 2), when compared to the normal organs 
of origin, have relatively a greater proportion of the basic, fluoride sensitive 
peak I of the enzyme, but the chromatographic and enzymatic properties of the 
tumor enzymes were indistinguishable from the normal ones. 


Discussion 


Multiple forms of acid phosphatase exist in extracts from organs of several 
“species: rat, mouse, rabbit, and chicken. In general, forms with indistinguish- 
able chromatographic and enzymatic properties were found in liver and brain 
of the same species. For example, the three major forms from rat liver were 
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FicureE 8. Effect of fluoride on rat-liver acid phosphatase forms with p-nitrophenyl 
phosphate as substrate in pH 5.2 citrate. 


TABLE 1 
Forms OF Acip PHOSPHATASE 
Muted | ?Hopt. | intfttion |@-GPt/e-GP | PNPPtye-cp| Ku CiPP 

Rat liver 

I 0 4.0 100 0.3 > 4.1 

Ta 20 4.9 80 0.5 4 3.7 

II 100 ee 2 4.5 41 0.4 

III 135 6.0 6 9.3 40 0.1 
Rat brain 

I 0 4.0 87 — —_ 4.6 

II 105 4.8 8 —_ — 0.4 

il 190 5.8 0 — 0.1 
Rabbit liver 

I 0 4.0 64 — — 2.8 

II 70 a2 0 — — 0.5 

III 100 5.6 5 _ —_ 0.5 

IV 180 4.7 55 — ~- — 
Chicken liver 

I 0 5.6 20 — — 0.5 

II 90 4.5 100 =: — 125 


* 20 mM NaF. i 
tT Ratio of activities with a- and ee Sean hates (50 mM). 
Ratio of activities with p-nitropheny] p caf hati (20 mM) and 6-glycerophosphate (50- 
m 
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similar to those of rat brain. Also, the forms seen in tumors resembled those 
from normal tissues of the same species, but their relative proportions differed. 
Similar results have been obtained for other tumor enzymes.”-? 

Peaks I and Ia (TaBLeE 1) of rat liver were similar to each other in chro- 
matographic and enzymatic properties, as were peaks II and III, suggesting 
that those pairs are structurally similar proteins. 

In general, forms with different chromatographic and enzymatic properties 
were found in different species. There was no correlation between chro- 
matographic and enzymatic properties of the acid phosphatase forms in dif- 
ferent species (TABLE 1). 


TABLE 2 
AcIp PHOSPHATASE IN TUMORS 
Per cent of total activity 
Peak I Peak II* 
Normal rat liver 20 80 
Hepatoma 75 Ms) 
Normal mouse epithelium 15 85 
Papilloma 10 90 
Squamous cell carcinoma 60 40 


* Sum of Peaks II and III (see ricure 3). 


The results suggest that the multiple forms of acid phosphatase found in 
animal organs are distinct molecular forms since they differ not only in chro- 
matographic properties (reflecting protein charge and size) but also in enzy- 
matic properties. Furthermore, it is likely that there is a genetic basis for the 
multiple forms of the enzyme, since they appear to be species-specific but not 
_ organ-specific. 
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MOLECULAR VARIATION IN SIMILAR ENZYMES 
FROM DIFFERENT SPECIES* 


John Paul and P. F. Fottrellt 
Department of Biochemistry, University of Glasgow, Glasgow, Scotland 


Although it has been known for many years that similar enzymes isolated 
from different organisms may demonstrate wide variations in their physical 
properties} this fact has excited little interest, perhaps because of the wide 
divergences of the sources. Rather more interest has been elicited by the now 
well-established observation that different proteins with similar enzyme activ- 
ities may exist within the same organism and even within the same tissue.'!~?° 
It seemed possible that some of the variations of certain enzymes within a 
species might be simply a limited manifestation of a wide variation in molecu- 
lar structure among different species. These experiments were therefore in- 
tended to demonstrate whether variations among species are exceptional or 
common. It was found that, in fact, they are the rule. 

Starch gel electrophoresis was used to separate the different proteins, which 
were then characterized by their enzymatic activities and relative mobilities. 

The enzymes studied were esterases, phosphatases, catalases, and peroxidases. 
They were generally selected for their ease of detection but esterase activity was 
specially studied because many enzymes have secondary esterase activity”!~* 
and therefore they might be considered to represent a spectrum of similar kinds 
of enzymes. 


Materials and Methods*4 


Electrophoresis. The apparatus and general methods were essentially the 
same as those described by Smithies.”® Poulik’s”® discontinuous system of 
buffers was employed, and the samples were introduced into the gels in small - 
pieces of Whatman 3MM filter paper inserted into slits made with a razor 
blade. ; 
Detection of enzymes. After completion of the run the gel was removed and / 
split horizontally in the orthodox manner. One half of the gel was usually 
stained for protein with Amido black 10B and the other half was stained for 
enzyme activity. In order to compare relative mobilities different specimens — 
were inserted side by side in the same gels and run together. Esterases were _ 
determined by a slight modification of Gomori’s”” modification of Nachlas and 
Seligman’s* method, in which napthol released from a-naphthyl acetate is 
allowed to couple with tetrazotized o-dianisidine to form an insoluble dye at the © 
site of the enzyme. Phosphatases were detected by a similar technique,’ 
except that a-naphthyl phosphate was substituted for a-naphthyl acetate. 
Peroxidases were located by the benzidine method.’ For the determination of — 
catalase activity a technique first suggested by A. J. Hale was employed. The _ 
gels were submerged in a dilute solution of hydrogen peroxide (1 per cent 100 
vol.), washed with water and then immersed in a 4 per cent solution of potas-_ 


* Supported by grants from the Scottish Hospital Endowments Research Trust. 
t Beit Memorial Fellow. 
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sium iodide acidified with acetic acid. Iodine released from the iodide by 
peroxide stained the starch gel a deep blue except in those areas where the 
peroxide was destroyed by catalase activity. 

Preparation of extracts. Extracts of tissues were usually prepared by grind- 
ing them with 0.15 M sodium chloride or balanced salt solution in a Potter 
homogenizer, subjecting the suspension to ultrasonic treatment (50 w, 20 

_ke./sec.) for 15 to 20 min. and then centrifuging at 35,000 g for 2 hours at 0° C. 
to remove insoluble material. Preliminary homogenization was not found to 
be necessary when cell suspensions were used, and for this material 2 to 3 min. 
ultrasonic treatment was adequate. 


Results 


The effect of the method of preparation on the type of pattern obtained was 
first investigated. Samples of mouse liver were extracted with water, 0.15 M 
NaCl, Hanks’ balanced salt solution,” Tris buffers at pH 7.3, and pH 8.3, and 
phosphate buffers at pH 7.3 and pH 8.3. Samples of each were applied to gels 


Ficure 1. Photograph of an esterase zymogram of three mouse kidney preparations, 
including one from which two bands were absent. 


immediately after extraction and after varying periods of ultrasonic treatment. 
They were then stained for esterases. The same patterns were obtained when 
the tissues were extracted with water, NaCl solution or balanced salt solution, 
_and the patterns were not altered by prolonged ultrasonic treatment although 
the yield increased. All the buffer solutions, however, produced preparations 

that gave slightly different patterns, and these patterns underwent some altera- 
tion during ultrasonic treatment. These observations indicated that a few of 
the bands might be artefacts, possibly polymers of the same protein unit. 
“However, the majority of the bands appeared in the same positions on the gels 
‘irrespective of the methods of preparation. 5; 
_ When a standard method of preparation was employed, highly reproducible 
‘patterns were always obtained from the same organ within a species. For 
instance from 46 mice we prepared extracts of liver and kidney and obtained 
identical zymograms for each tissue in 44 animals. The two exceptions were of 
‘considerable interest themselves since they provided evidence to suggest that 
certain enzymes at least are different proteins which may be genetically absent 
‘in some animals. One of these is illustrated in FIGURE 1. In this particular 
‘gel three mouse kidney preparations were run simultaneously. It is clear that 
in almost all respects the three gels exhibit the same patterns. ‘Preparation G, 
however, lacks two bands present in the others. It 1s interesting that one of 
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these two bands was also absent from the liver preparation from the same 
animal, whereas the other was present. 

When preparations from different species were compared with those from the 
mouse, patterns characteristic of each species were found. Ficures 2 and 3 
show the comparative patterns for livers and sera respectively. It is clear 
that the majority of the bands are unique for each species, and where similar 
mobilities are observed it is not possible to exclude coincidence. Apparently 
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FicureE 2. Esterase zymograms of liver preparations from different species. 
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the individual enzymes differ from species to species. The numbers of proteins 
with enzyme activity vary also. 

Still another interesting difference can be observed in comparing the varia- 
tion in tissue patterns in different species. In an animal such as the mouse 
there is a considerable variation in the number of esterase bands seen in zymo- 
grams from different tissues (Markert and Hunter!”). We found no less than 16 
bands in liver preparations and smaller numbers in other tissues. However 
within this species the patterns observed in different tissues represented dif- 
ferent combinations of the same limited group of enzymes, all of which could 
be identified in the liver. Some other animals, for example the guinea-pig and _ 
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Ficure 3. Esterase zymograms of serum from different species. 
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rat, display the same kind of variation but, on the other hand others, notably 
man, show remarkably little variation from one organ to another. 

While the esterases themselves probably represent a heterogeneous group of 
loosely related enzymes it was obviously desirable to investigate the behavior 
of enzymes with other substrate specificities as well. Some of the results of 
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Ficure 4. Alkaline phosphatase zymograms of liver preparations from different species. 


these studies are summarized in ricuREs 4to6. Most of these enzymes are 
represented by only one or two bands on starch gel electrophoresis, but again it 
is clear that the electrophoretic mobilities of enzymes from different and even 
fairly closely related species are rarely the same. 

The question arises whether some of the differences among organs and species 
might be the result of environmental rather than genetic factors. We tested 
this possibility by investigating the patterns to be found in cultured cell strains 
from different species maintained in essentially the same environment for several 
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years. As FIGURE 7 shows, all human cell strains exhibited a typical human 
esterase pattern as distinct from mouse cells. This strongly suggests that most 
of these enzymes are constitutive in nature and genetically stable. A further 
deliberate attempt was made to induce changes in the esterases of these cells by 
culturing them in the presence of a high concentration of an aromatic ester 
(acetylsalicylic acid). No alteration in the zymogram pattern was obtained. 
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FicurE 5. Peroxidase zymograms of liver preparations from different species. 


Discussion 


The results of these and similar studies performed by other investigators!!° 
suggest that molecular variation among similar enzymes from different species, 
far from being an exceptional phenomenon, may be the rule, and that con- 
sequently enormous numbers of proteins with similar enzyme activities may 
exist. The generalization may extend to proteins and polypeptides other than 
enzymes. For instance species differences have been demonstrated in adreno- 
cortrophin,®® haemoglobin,*! insulin,*” melanocyte-stimulating hormone,** and 
vasopressin,** among others. In some of these, notably insulin,” the species 
differences have been shown to involve only a few amino acids and sometimes 
only one. An analogous situation has been demonstrated within the human 
species by Hunt and Ingram®*® in certain haemoglobins that~differ from each 
other in a single amino acid, the differences being genetically determined. 
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These conclusions contrast strikingly with the observed conservation of 
metabolic pathways at all levels of evolutionary development.3* The answer 
to the paradox probably lies in the existence of large areas of enzyme molecules 
that can vary greatly without resulting in a serious loss of activity,*”-” whereas 
other areas may be less flexible. There are grounds for believing that the 
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FicurE 6. Catalase zymograms of liver preparations from different species. 


active centers of enzyme and protein hormone molecules have somewhat 
rigorous structural limitations,” yet findings such as those of Kaplan® and 
Jolles*® suggest that even within these areas some variation may be compatible 
with the same enzyme function. Consequently it is easy to appreciate the 
fact that while many genetic mistakes may result in the exclusion of the re- 
sulting proteins by selective pressure many others may lead to variants that 
have full enzymatic activity and can persist. An enormous number of func- 
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tionally similar proteins may therefore occur throughout the biosphere, and 
certain examples of isozymes may be but a local manifestation of this. 
Having proposed this explanation we can perhaps make out a good case for it 
on other grounds. For one thing the wide range of immunological differences 
observed among living things indicates that there are enormous numbers of 
different proteins in nature: far more than would seem to be required for life 
processes if each kind of protein were represented bya very few similar molecules. 
Finally, if all the proteins with the same activities had essentially the same 
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Ficure 7. Esterase zymograms from cultured cell strains compared with human kidney. 
HeLa, HEP1, HLM are all of human origin. 


structure it would not be easy for new functional molecules to arise by accidents 
which involved the alteration of only one or two amino acids. With an enor- 
mous pool of different protein forms, however, a trap is laid for the rare for- 
tunate accident, and opens the way to a smooth pattern of evolution. 


Summary 


The electrophoretic behavior of esterases, phosphatases, peroxidases, and 
catalases obtained from a variety of animal species was studied. Almost 
invariably differences between species were demonstrated, and this is taken to 
indicate that structural variations in similar proteins from one species to another 
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may be the rule. It is suggested that many examples of isozymes may be 
local manifestations of this, and the significance of this conclusion in relation 
to molecular evolution is discussed. 
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Discussion of the Paper 


A. SAMUELS (Department of Pathology, Dartmouth Medical School, Hanover, 
N. H.): With respect to multiple molecular forms of enzymes, it is mentioned 
that the kinetic characteristics of similar enzymes from the same organs of 
different species are similar. Is there any compilation of such evidence in the 
literature? I have found that 5’-adenylic acid deaminase from skeletal muscle 
of chicken and rabbit has identical K,,, values, as reported by Ya-Pin Lee* and 
myself. t 


* JOURNAL OF BIOLOGICAL CHEMISTRY. 1957. 227: 999. 
7 Tue Puysrorocist. 1957. 1: 24. 


PHYSICOCHEMICAL NATURE OF ISOZYMES* 


Clement L. Markert and Ettore Appella 
Department of Biology, The Johns Hopkins University, Baltimore, Md. 


The properties of living cells are in large part a reflection of the enzymes that 
they contain, and these enzymes are in turn a manifestation of the activity of 
the nucleic acids of the cells. We have all become familiar with the prevailing 
hypothesis that relates the primary structure of enzymes (the linear sequence 
of amino acids) to a corresponding sequence of nucleotides in DNA and/or 
RNA. This relationship was long ago aptly summed up as the one gene-one- 
enzyme hypothesis. One reasonable prediction of this hypothesis is that a 
homozygous organism should synthesize identical molecular replicas of each of 
its various protein molecules, and this should be true for all the cells of the 
organism. We were surprised, therefore, to discover from our own work and 
by a perusal of the literature that single enzymes commonly existed in multiple 
molecular forms, or isozymes, within the tissues or cells of a single organism. 
These isozymes are not artifacts of analysis but exhibit characteristic patterns 
of distribution in each tissue (FIGURE 1). Moreover the tissue patterns are 
species specific (FIGURE 2). The characteristically different isozyme patterns 
of adult tissues must have arisen during the course of embryonic development, 
and direct analysis shows this to be true. The adult pattern is the end product 
of a long sequence of gradual changes during ontogeny. The remarkable 
specificity in isozyme pattern that characterizes each tissue implies a significant 
physiological role for isozymes even though they are essentially alike in enzy- 
matic activity. The existence of isozymes poses important biological problems 
as well as problems in the physical chemistry of proteins. It is of great im- 
portance to know whether the distinctions among isozymes lie in the primary, 
secondary, or tertiary structure of the molecule, for a knowledge of such dif- 
ferences may provide an insight into the biological significance of multiple 
molecular forms of enzymes and, perhaps, also into the mechanisms of protein 
synthesis. Accordingly we present the results of a physicochemical study on the 


recrystallized, separated isozymes of lactate dehydrogenase obtained from beef 
hearts. 


Materials and Methods 


In this study crystalline lactate dehydrogenase (LDH) was prepared from 
beef hearts according to the method of Straub (1940). The following com- 
poundt were employed: DPN, DPNH, TPN, and the 3-acetylpyridine, pyri- 
dine 3-aldehyde, deamino, and thionicotinamide analogs of DPN.+ Sodium 


pyruvate, sodium lactate, sodium p-chloro-mercuribenzoate,t and potassium 
oxamate were also used. § 


* These investigations described in this article have been supported in part by gran 
the American Cancer Society, New York, N.Y.; from the United States toute becca Come 
mission, Washington, D.C.; and from the National Science Foundation, Washington, D.C 

} From the Pabst Brewing Company, Milwaukee, Wis. ae 

t Purchased from Sigma Chemical Company, St. Louis, Mo. 

§ From Matheson Coleman and Bell, Norwood, Ohio. 
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Moving boundary electrophoretic analyses were carried out in a Perkin- 
Elmer model 38 apparatus. Quantitative separation of isozymes in crystalline 
preparations was achieved by use of a Munktell cellulose column, essentially as 
suggested by Flodin and Kupke (1956). The basic procedures previously 
outlined by Markert and Moller (1959) for the electrophoretic resolution of 


MOUSE LDH 


(+) 


POq buffer pH 7 


Ficure 1. Starch gel electrophoresis zymograms stained to reveal the isozymes of LDH 
from heart and diaphragm of the mouse. These two organs have similar though distinct iso- 
zymic patterns. To reveal the location of LDH activity after electrophoresis the starch strips 
are incubated anaerobically at 37° C. in the dark in the following mixture: 0.5 M hydrazine, 
1.0 ml.; 0.5 M sodium lactate, 6.0 ml.; DPN at 10 mg./ml., 2.0 ml.; phenazine methosulfate 
“a 0.2 mg./ml., 2.0 ml.; neotetrazolium chloride (sat. sol.), 4.1 ml.; 0.2 M Tris buffer pH 8.3, 


tissue homogenates and crystalline preparations of LDH in starch gels were 
followed except for one important innovation: phenazine methosulfate (Nachlas 
et al., 1960) replaced diaphorase in the reaction mixture used to visualize the 
location of LDH on the starch gels. 

For ultracentrifugal analysis a Spinco model E ultracentrifuge was employed; 


_ experiments were conducted at a rotor speed of 59,780 r.p.m. and at-tempera- 


tures maintained by means of the rotor temperature-control unit between 4° 
and 10°C. The sedimentation coefficients, reported as S20,~ , were calculated 
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from least square slopes as discussed by Schachman (1957) and corrected for 
the viscosity and density of water at 20°C. Diffusion constants, determined 
in a synthetic boundary cell (Pickels et al., 1952), were calculated with the use 
of the first moment method and corrected for the centrifugal field and the time 
at which the boundary was established. 

The partial specific volumes of the proteins were determined at 20° C. in a 2 
ml. pycnometer calibrated with distilled water at that temperature. Ultra- 


Bae. 


PO, buffer. pi 7 


FicurE 2. Zymograms showing LDH isozyme patterns in heart ti i 
; r " ssues of f 
animals. Each pattern is species specific. z Se 


violet light absorption was measured with a Beckman model DU spectropho- 
tometer equipped with a 1-cm. quartz cell. For ultraviolet measurements a 
0.05 to 0.10 per cent solution of the enzyme was used. Optical rotation was 
measured with a Rudolph High Precision spectropolarimeter equipped with a 
Xenon lamp; the temperature was maintained at 15° + 0.1°C. by circulat- 
ing water at that temperature through the jacket of a 10-cm. cell. | 
The activity of the enzyme was assayed spectrophotometrically at a wave 
length of 340 my with the use of a Beckman DU spectrophotometer. For 
assays of enzyme activity with analogs of DPN, wave lengths were chosen at 
the absorption peaks for each analog (Anderson ef al., 1959). The reactants 
were added to a 3-ml. cuvette in the following order: 0.3 ml. of 0.1 M Tris 
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buffer, 0.15 ml. of 0.015 M coenzyme, 0.3 ml. of 0.2 M substrate, and distilled 
water to a volume of 3 ml. For the pyruvate to lactate reaction a pH of 7.4 
was used and, for the oxidation of lactate to pyruvate, a pH of 9.0 was used. 
The enzyme was made up in 0.1 M phosphate buffer at pH 7 and introduced at 
zero time. The mixture was stirred and the optical density was determined 
at 15-sec. intervals. The linear portion of the curve was used in calculating 
enzyme activity, one unit of which is defined as a change in optical density of 
0.100/min. under the conditions of the standard assay system. Specific activ- 
ity is defined as units of enzyme activity per milligram of protein. Protein 
concentration was determined by nesslerization after Kjeldahl digestion 
(Calvin, 1958). 
x Results 

Physicochemical data. In the preparation of LDH, analysis of the initial 
crude homogenate by starch gel electrophoresis revealed the existence of three 
separable fractions with LDH activity. During the course of the purification 
procedure the isozymic pattern remained remarkably constant, and the crystal- 
line preparation likewise contained 3 isozymes in relative concentrations 
similar to those found in the homogenate. Analysis of the crystalline prepara- 
tion in the Tiselius apparatus over a pH range of 5 to 9 revealed the 2 major 
components. The quantity of the third component was at the limit of resolu- 
tion in moving boundary electrophoresis, although quite evident in zone elec- 
trophoresis. The larger, faster migrating component (A) represents about 85 
per cent of the total protein, the second (B) about 15 per cent, and the third less 
than 1 per cent. Typical patterns in moving boundary and starch gel elec- 
trophoresis are shown in FIGURE 3. 

At pH 4.8 and ionic strength 0.1, the LDH begins to precipitate, thus pre- 
cluding an extension of the electrophoretic analysis into more acid ranges. 
From the pH-mobility curves in acetate, phosphate, and veronal buffers with 
an ionic strength of 0.1, the isoelectric point was calculated by extrapolation to 
be 4.5 for A and 4.8 for B. These results are in agreement with the earlier 
work of Neilands (1952). 

In order to separate quantitatively the first two isozymes we have used 
Porath’s technique of zone electrophoresis in a column of Munktell cellulose 
powder. A typical elution diagram is shown in FIGURE 4. The recovery 
of protein with this method was about 90 per cent. The specific activity of the 
two separated isozymes as compared to the initial crystalline preparation did 
not vary by more than 5 per cent. When the separated fractions were col- 
lected, precipitated with ammonium sulfate, dialyzed, and electrophoresed in 
starch gel, each retained its specific mobility as shown in FIGURE 5. All 
separated fractions were homogeneous. 

Analysis in the ultracentrifuge of the unfractionated enzyme and of each of 
the two isolated isozymes revealed only one single homogeneous symmetrical 
peak for each preparation. The values of the sedimentation constants ex- 
trapolated to zero protein concentration were calculated as 7.0 (A) and TA (B). 
These values are not significantly different and are in agreement with the 
value reported for the unfractionated crystalline enzyme (Neilands, 1955). 
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The diffusion constants, although calculated with some uncertainty because of 
the method of determination, were estimated to be 5.10 for A and 5.15 for B.¥ 
These values did not appear to vary with protein concentration and do not 
serve to distinguish the isozymes. The partial specific volume was found to be 
0.750 in a single determination for each isozyme. From these measurements a 
calculation of the molecular weight by means of the Svedberg equation gave 


Ficure 3. Ascending (/eft) and descending (right) electrophoretic patterns in the Tiseli 

nd ¢ selius; 
phosphate buffer at pH 7 and ionic strength 0.07. The two Shela anes are isozymes of 
crystalline beef heart LDH. Below is a corresponding pattern in starch gel electrophoresis. 


The origin is at the left, and resolution was achieved in 12 h y i 
Ticutiet 6 ecbisae pL 2: ours at 4° C, with a voltage gra- 


133,650 for A and 134,260 for B; these values are in good agreement with 
the previously reported molecular weight of 135,000 for the unfractionated 
enzyme (Neilands, 1952). The frictional ratio calculated from the sedimenta- 
tion and diffusion constants was 1.2 for both A and B. The axial ratios ob- 
tained from the frictional ratios by the use of Perrin’s relation on the assump- 
tion that the LDH protein is an unhydrated ellipsoid were 4.5 for a prolate 
ellipsoid and 5.0 for an oblate ellipsoid (Svedberg and Pedersen, 1940). The 
various physical constants that have been measured or calculated in this 
investigation for these two isozymes of LDH are collected in TABLE 1. 
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Ficure 4. Typical elution pattern after electrophoresis in a column of cellulose powder; 
phosphate buffer at pH 7.2 and 0.03 ionic strength was used during electrophoresis and also 
as the eluting agent. The specific activity of the starting material was 564 units/mg. After 
fractionation the larger A isozyme showed specific activity of 590 units/mg. and the B isozyme 


574 units/mg. 
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Ficure 5. These zymograms demonstrate the purity and unchanged electrophoretic be- 
havior of the isozymes separated on the cellulose column. The upper two starch strips are 
stained for protein; the lower two for LDH activity. The unfractionated crystalline enzyme 
was inserted as a control on the right half of each starch strip. On the left half was placed 
one ree the separated isozymes. The origin and cathode are at the bottom and the anode 
at the top. 


TABLE 1 
PHYSICOCHEMICAL PROPERTIES OF IsOzYMES A AND B FROM CRYSTALLINE BEEF HEART LDH* 


A B 

Sedimentation coefficient (S%,w X 107! cm./sec.) 7.0 7.1 
Diffusion coefficient (Deo,w~ X 10-7 cm.?/sec.) 510 SoS 
Partial specific volume (W2o ml./g.) 0.750 0.750 
Molecular weight 134,000 134,000 
Frictional ratio (£/fo) 122 1.2 
Isoelectric point 4.5 4.8 
Electrophoretic mobility (phosphate buffer ionic strength 

0.07, pH 7.02 X 10-°cm.?/volt second) 4.9 4.0 
Molar extinction coefficient (« X 10° mole/liter) 2.10 1.96 


* These data reveal a significant difference between isozymes A and B in electrophoretic 


mobility and in isoelectric point. In all other characteristics the data do not so far demon- 
strate any difference. 


— 
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In order to examine the stability of the protein, the unfractionated enzyme 
was subjected to ultracentrifugation at different pH values and ionic strengths. 
As shown in TABLE 2, the sedimentation constant is independent of pH within 
the range of 5.8 to 11. At a pH of 12, however, the LDH becomes polydis- 
perse in the ultracentrifuge and shows 2 peaks with sedimentation constants 
of 4.05 and 6.65. Ultracentrifugation of the enzyme in solutions of different 
ionic strengths did not alter the sedimentation constant except at the very 
high ionic strength of 1.10, where a decrease of 18 per cent was observed, but 
this is probably only a charge effect in the medium and does not indicate any 
change in the enzyme molecule. 

Measurements designed to reveal some aspects of the chemical composition 
of isozymes have not thus far uncovered any significant differences between 
them. The molar extinction coefficient at 280 mu, the peak of absorption, 
was 2.10 for A and 1.96 for B, witha range of variability in the determinations 
of not more than 8 per cent. 


TABLE 2 
SEDIMENTATION CONSTANTS OF BEEF LACTATE DEHYDROGENASE 


Tonic strength Buffer pH S20,w 
0.03 phosphate 7.06 7.10 
0.05 phosphate 7.06 6.96 
0.10 phosphate 7.06 7.10 
0.50 phosphate 7.10 6.16 
1.10 phosphate 7,00 5.77 
0.10 phosphate 5.80 6.90 
0.10 TRIS 8.20 6.88 
0.10 TRIS 8.95 6.85 
0.10 glycine 10 6.70 
0.10 glycine 11 6.75 


The tryptophan + tyrosine content of the LDH was calculated from the 
absorption spectrum in 0.1 NV NaOH. At this high pH (12.7) the phenolic 
groups of the tyrosyl residues are ionized, thus exposing 2 maxima in the 
ultraviolet absorption spectrum, one for tryptophan at 284 my, the other for 
tyrosine at 290 mu. The slope of the line drawn tangent to these two maxima 
indicates the ratio of tyrosine to tryptophan. From the extinction coefh- 
cients and the maximal absorbance the total tyrosine + tryptophan content 
was calculated (Bencze and Schmid, 1957) to be 7.2 per cent for A and 6.8 
per cent for B. Using the average of these values for total content and the 
indicated ratio of tyrosine to tryptophan (0.6) it was possible to calculate 
that LDH with a molecular weight of 134,000 should contain 18 residues of 

tyrosine and 30 of tryptophan. The value for tyrosine is in excellent agree- 
“ment with determinations made with an amino acid analyzer on total amino 
acid content. ' . 
Kinetic data. The substrate specificity of the 2 isozymes for a-y-diketo- 
acids and a-ketoacids was studied by means of the standard assay system in 
which 5 umoles of the substrates were substituted for sodium lactate. The 
: following acid substrates were tested: a-y-diketovaleric, a-y-diketocaproic, 
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a-y-diketocapric, a-ketobutyric, a-ketovaleric, and a-ketocaproic. Although 
the absolute rates of oxidation of these substrates varied over a wide range, 
the 2 isozymes showed essentially the same relative catalytic behavior with 
all substrates. . 
Perhaps the most sensitive technique for revealing differences in enzymatic 
specificity is based upon the use of cofactor analogs (Kaplan et al., 1960). 
The data in TABLE 3 shows the pyridine nucleotide cofactor specificity of 
each isozyme for TPN, DPN, and 3 analogs of DPN, all used in concentra- 
tions of 1.5 X 10-2 M. The rate of oxidation of sodium lactate when DPN 
was used as the cofactor provides the standard of comparison. It is evident 
that neither isozyme can use TPN. Both to the same degree utilize deamino- 
DPN more efficiently and acetyl-pyrimidine-DPN less efficiently than DPN. 
With thionicotinamide-DPN isozyme A is about 10 per cent more efficient 
than B, but this difference is probably not significant. With pyridine-3- 


TABLE 3 
PyrIDINE NUCLEOTIDE SPECIFICITY OF IsozyMes A AND B* 


Comparative enzyme activity 


Coenzyme analogue 
A B 
DPN 100 100 
TPN 0 0 
Deamino DPN 108 111 
3-Acetylpyridine-*DPN 11 14 
Pyridine-3-aldehyde-*DPN 44 34 
Thionicotinamide-*DPN 75 83 


* The standard assay system was used except that the indicated pyridine nucleotide co- 
factors were substituted for DPN at equivalent concentrations. Enzyme activity with each 
analogue is compared to the rate of enzyme activity with DPN taken as 100 per cent. 


aldehyde-DPN the difference between A and B in rate of oxidation is 22 per 
cent—possibly on the borderline of significance. 

The Michaelis-Menten constants for lactate and pyruvate were estimated 
for both isozymes from the linear plot of the initial reaction rates with the 
standard assay system according to the method of Lineweaver and Burk (1934). 
Again these two isozymes proved to be remarkably similar. When DPN and 
lactate were used, the Km values for lactate were 1.5 X 10-3 M for A and 
1.7 X 10% M for B. The Km for pyruvate, when DPNH was used, was 
5.0: 10-5 M for A and 5.4 X 10-* M for B. 

In order to test the relative stability of the isozymes at different tempera- 
tures, small aliquots of the 2 fractions were heated for 3 min. in a water bath 
at several temperatures between 40° and 70° C. Essentially the same rates of | 
inactivation occurred on preincubation at 60° C. and above. 

Yet another test for enzymatic differences is sensitivity to chemical in- 
hibitors. Oxamic acid is such an inhibitor of lactate dehydrogenase (Hakala 
et al., 1953). Both isozymes proved to be equally sensitive to this inhibitor, 
being inhibited 80 per cent by 1 X 10-* M concentrations of oxamic acid. 
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Sulfhydryl groups are apparently important in maintaining the enzymatic 
activity of LDH. In the presence of 8 X 10-* M PCMB isozyme A was 
inhibited 41 per cent and B 43 per cent. 


Discussion 


It is evident from this investigation that the two most rapidly migrating 
isozymes of beef heart lactate dehydrogenase are remarkably alike; neverthe- 
less the small differences that serve to distinguish them are based on very 
stable properties. No evidence for interconvertibility has been obtained. 
Essentially the same proportions of isozymes are observed at each step of the 
purification procedure from the crude homogenate to the final crystalline 
product. The resolution of the crystalline enzyme into its constituent iso- 
zymes is the same in the three systems used: starch gel, cellulose powder, and 
moving boundary electrophoresis. The variety of tests to which these iso- 
zymes have been put rules out preparative artifacts as a source of their origin. 
The single important distinction so far observed between them is the difference 
in charge. From an examination of a titration curve of each isozyme in the 
region of the isoelectric point (pH 4 to pH 5) it is evident that they differ by 
about 7 charges that are titrated per molecule over this range. This observa- 
tion, together with the fact that the isoelectric points of the 2 isozymes differ 
by 0.3 pH units, implies that the isozymes differ by 2 or 3 charged groups, the 
A isozyme being the more negatively charged. This difference in charge could 
be achieved in several ways, perhaps most simply by amidation of carboxyl 
groups on glutamic or aspartic acid residues. Such slight changes would be 
difficult if not impossible to detect in analyses of total amino acid composition 
of such a large molecule as LDH. In fact our preliminary investigation of 
the primary structure of LDH isozymes in terms of amino acid composition 
has not so far revealed any differences. The data are not yet complete, but 
they do demonstrate the great similarity of these 2 particular isozymes and 
render unlikely any extensive difference in primary structure. 

An examination of molecular properties based on secondary and tertiary 
structure has likewise failed to reveal conspicuous differences, but this aspect 
of the investigation is far from completed. Measurements of the specific 
rotation at 10 different wave lengths for each isozyme revealed only slight 
differences of doubtful significance. However, more extensive measurements 
of the optical rotation as a function of temperature, particularly in the region 
of denaturation, are now in progress, and these should provide a more sensitive 
test for slight differences in tertiary structure. Immunochemical properties 
depend in part upon the tertiary structure of the antigen and are frequently 
very sensitive expressions of slight changes in molecular configuration. In 
our hands, however, antisera prepared against isozyme A gave a reaction of 
identity in agar gel diffusion plates with isozyme B. Thus no antigenic 
difference was demonstrated. ze 
_ The great similarity of the two particular isozymes studied in this investiga- 
tion should not be taken as generally representative of all isozymes. “We 
have chosen to study the two most closely related isozymes from a single 
tissue, but it is obvious that other isozymes of LDH differ to a much greater 
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extent in electrophoretic mobility, and this greater difference in mobility (or 
charge) should be reflected in other properties of the molecule as well. In 
fact, other investigators have already demonstrated conspicuous differences 
between certain isozymes of LDH, several of which are reported at this con- 
ference. Kaplan et al. (1960) have previously shown differences in analog 
specificity between LDH preparations from different tissues of the same 
animal. Although we now know that these preparations were mixtures of 
isozymes in different proportions, still any net differences between the different 
preparations must reflect differences between individual isozymes. Plage- 
mann et al. (1960) have also shown differences in immunochemical behavior 
and in kinetic properties among the LDH isozymes of rabbit tissues and of 
human tissues. However, differences in isozymic properties cannot be fully 
appreciated until they can be related to molecular structure. At least five _ 
kinds of molecular changes may be invoked to produce different though 
closely related isozymes: small changes in amino acid sequence, amidation of 
carboxyl groups, conjugation with small molecules, polymerization, and 
changes in tertiary structure achieved by folding the same primary structure 
in different ways. All of these possibilities have served to explain with varying 
degrees of experimental support the existence of numerous enzymes in isozymic 
forms. 

The existence of multiple molecular forms of enzymes is a tribute to the 
versatility of the cell in devising molecular configurations appropriate to the 
most specialized metabolic requirements. From the point of view of gene- | 
controlled protein synthesis isozymes are rather perplexing. The report by 
S. L. Allen (1960) of allelic genes controlling alternate groups of esterases in — 
Tetrahymena strongly supports the thesis that isozymes are modifications of 
a single gene product. The final tailoring of the molecule would thus be the — 
responsibility of cytoplasmic mechanisms emerging during the course of 
cellular differentiation. This interpretation does not preclude the possibility _ 
that polygenic control may also exist. The total isozymic repertory (for a 
single enzyme) of an organism may be divisible into groups, each under the 
control of a separate gene. Polygenic control will be clearly indicated wherever’ 
isozymes are found to differ in primary structure. Other distinctions are 
more plausibly attributed to modifications imposed secondarily upon a single — 
basic gene product. Additional genetic evidence is urgently needed, and 
though we have searched for genetic differences in isozymic patterns of LDH 
among numerous inbred strains of mice, none have so far been found. 

Whatever the genesis of isozymes, their ontogeny and characteristic distribu-_ 
tion imply physiological significance. The cytochemical investigation of J. | 
M. Allen (1961) reveals that certain isozymes of LDH are distributed in 
characteristic locations within the cell and that they differ somewhat in en- 
zymatic specificity. Likewise the two principal isozymes of malate dehy- 
drogenase are found localized in the mitochondria and in the supernatant 
cytoplasm, respectively, after centrifugation (Thorne, 1960). The distribution 
of each isozyme to characteristic positions within the cell would enable them 
to perform distinctive metabolic roles even though their enzymatic properties 
were very similar. The work of Stadtman et al. (1961) on aspartolkinase of 


: 
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Escherichia coli provides the most engaging model of a useful role for isozymes. 
These aspartolkinase isozymes were shown to be subject to different feedback 
controls which had the effect of maintaining useful concentrations of enzymatic 
activity to provide products for two quite distinct metabolic pathways. 


Summary 


Several physicochemical properties of purified crystalline preparations of 
two separated isozymes from beef heart lactate dehydrogenase have been 
investigated and measured. The only distinctive characteristic found is a 
difference in charge equivalent to two or three carboxyl groups. All other 
measurements suggested a remarkable similarity between these two particular 
isozymes. 

The significance of isozymes was discussed with reference to protein struc- 
ture, gene controlled protein specificity, intracellular localization, and dis- 
tinctive metabolic activity. 
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CHEMICAL DIFFERENCES BETWEEN MULTIPLE FORMS 
OF LACTIC ACID DEHYDROGENASES* 


Th. Wieland and G. Pfleiderer 


Institut fiir organische Chemie und dessen biochemische Abteilung der 
Universitat, Frankfurt am Main, West Germany 


In 1950, Meister! observed in the Tiselius electrophoresis of crystalline beef- 
heart lactic dehydrogenase (LDH) a faster-moving component (A), to which 
he accounted the whole enzymatic activity, and also a slower-moving one that 
amounted to about 15 per cent. Two years later, Neilands? noticed that this 
second protein (called by him component C) also possesses LDH activity. In 
1956 we started* an extensive investigation of physical and biochemical differ- 
ences between LDHs, after having seen that many preparations of LDH from 
different origins can be resolved into several, up to five, proteins with the ac- 
tivity of LDH, by electrophoresis on paper or in a layer block of starch. Later? 
it was found that minimal amounts of enzyme mixtures can be quickly sepa- 
rated in the electrical field on a foil of acetyl cellulose. The single enzymes 
then can be eluted and evaluated quantitatively in an optical test conducted 
to determine the rate of hydrogenation of pyruvic acid by DPNH. Thus we 
succeeded in showing that nearly all organs of an animal contain the same num- 
ber of LDH proteins, usually five, sometimes even more. The corresponding 
components have the same migration rate but are distributed in a way charac- 
teristic for each organ. The distribution patterns of LDHs of several rat 
tissues® are presented in FIGURE 1. 

In the following paragraphs we shall deal with proteins I, II, III, and IV{ of 
heart muscle, and protein V of skeletal muscle and liver of the rat. In addi- 
tion to these enzymes, bands I of pig heart and V of rabbit skeletal muscle were 
checked. All of them were prepared as described in earlier papers. The 
preparative resolution of heart-muscle components was achieved by zone elec- 
trophoresis in a starch layer block, the different bands being marked by a re- 
print on filter paper. The single proteins then were eluted from glass powder 
into which they had been directed by electrophoresis.® 
_ The similar migration in paper electrophoresis and the same inhibition by 
sulfite ions of equally moving proteins strongly led to the suggestion that these 
were identical in spite of the tissue of origin. As we found some years ago, 
however,‘ the analogous proteins No. I of heart, kidney, and brain of the rat 
exhibit different optimal pyruvate concentrations; the differences, however, 
were not very striking (6 X 10-7, 9 X 10-7, and 1 X 107° m. respectively). 
Therefore only the chemical analysis of different enzymes could prove either 
their identity or heterogeneity. We have now isolated the above-mentioned 
enzymes in extreme pure form and analyzed their amino-acid composition. In 
so far as we know, all of them have the same molecular weight, 130,000. The 


_ * This paper is No. 6 in a series, “Heterogeneity of Lactic Dehydrogenases.” Paper No. 5 


s Wieland et al.8 F 
Beatie to Plagemann ef al.,9 the number “I” is attributed to the fastest moving band, 


ause no faster one has been detected until now although, sometimes, further bands appear 
eyond No. V, which are designated consecutively as, for example, VI and VII, 
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analyses were carried out chromatographically after 72 hours’ hydrolysis with 
6 n HCl at 110°, using a Moore and Stein technique devised by R. Weber in 
the laboratory of M. Brenner in Basel, Switzerland. The results are cited in 
TABLE 1. 

The amino-acid composition of rat-liver LDH already had been determined 
microbiologically in 1953 by Vestling and his co-workers.’ Their results, which 
agree rather well with ours on some points, are also indicated in TABLE 1, and 
are shown comparatively in FIGURE 2. 

Before the chromatographic analyses of amino acids, the same LDHs were 
degraded by trypsin, and the tryptic peptides were separated by paper electro- 
phoresis at high voltage. Although the results of this work have been pub- 


TABLE 1 


NumsBers or Amino Actip MOoLecuLes PER Mote (130,000) or SEVERAL 
Lactic DEHYDROGENASES 


Pig-heart | Rabbit 


Rat liver Rat muscle Rat-heart proteins protein I || muscle 


lished recently,® we should like to demonstrate the schematic drawings of some 
pherograms. It may be seen that all LDHs thus far investigated are more or 
less different. The extent of the difference, however, cannot be estimated from 
the one-dimensional pherograms. 
_ Ficure 2 shows the separation of tryptic peptides of LDHs from rat heart 
(Jeft) and pig heart (right). They are of a rather surprising similarity. In 
FIGURE 3 the numbers of some amino acids per molecule of the same enzymes 
are diagrammatically represented. Here a great similarity also is evident, — 
although there exist distinct differences, for example in aspartic and glutamic 
acid as is to be expected in the case of different species. . 
_ Greater differences exist in the electrophoretic peptide patterns of LDHs 
erived from skeletal muscle of rabbit (Jeff) and rat (right) in FIGURE 4. The 
analyses of their amino acids reveal that both these enzymes are proteins that 
strongly differ in their primary structure (see TABLE 1), 
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Next let us consider the amino-acid composition of LDHs from two different | 
organs of one animal namely of skeletal muscle and liver of rat (FIGURE 5).. 
Neither migrates in the electric field, and neither is distinguishable in other! 
respects, except as regards their maximal turnover numbers (67,000 and | 
45,000). Here the chemical differences are extremely small, but significant | 

Pherograms at pHE.5 
of tryptic peptides 
of LDHs from 
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FIGURE 2. 


and reliable on account of four analyses of two different samples. Accordingly 
we are facing an organ specificity of LDH synthesis that can be demonstrated 
even more clearly, at least in the rat, comparing skeletal LDH V with heart 
LDH I (FIGURE 3). They differ not only in the ratio of acidic to basic side: 
chains, which the electrophoretic mobility depends on, but also in the numbers: 
of nearly all of the amino acids. Previously it was found by electrophoretic 


ee that the tryptic peptides exhibited striking differences too (FIGURE 
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F inally the amino acids of rat-heart isoenzymes I, II, II, and IV were de- 
termined. Only very small differences had been observed in the pattern of 
their tryptic digests (FIGURE 7). Therefore the assumption was made® that 
the decreasing mobility of proteins I to V could arise from an increasing num- 
ber of carboxamide groups attached to an identical original protein. To our 
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Ficure 3. Differences between the amino-acid composition of rat-skeletal LDH, pig- 
foo LDH, and rat-heart LDH. Ordinate: numbers of amino acids per mole of LDH (130,- 


greatest surprise, however, the analyses of the individual LDHs I, I, III, and 
TV disclosed that the ratios of their amino acids differ in an unforeseen manner 
(FicurE 8). It seems that four, probably five, quite different enzymes of the 
Same action (homotropic enzymes) are synthesized in one organ, presumably 
even in one cell. “Whether their amino acids are filed in completely different se- 
quences, or according to certain regularities, only will be recognized by analysis 
of primary protein structures. 

; In conclusion, let us discuss some connections between composition and 
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electrophoretic behavior of our proteins. As was shown in FIGURE 1 and, as is 
generally known, the LDH proteins No. V do not possess electrophoretic mobil- 
ity at pH 8.6. Because at this pH, the imidazole nucleus of histidine is unpro-. 
tonated, the sum of the positive arginine and lysine side chains should equal to | 
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the negative B-aspartyl and y-glutamyl side groups. According to the results 
of Weber (TaBieE 1), in LDH from rat skeletal muscle and rat liver, the sum 
of + charges is 138 and the sum of — charges 223 and 225; that would mean 
a net charge of about 90 negative units. All of the LDH proteins, however, 
contain amide groups, whose quantity not exactly comes out after hydrolysis 
with strong acids, because ammonia also is formed by decomposition of serine, 
threonine, tryptophane, and other amino acids. The amount of ammonia was 


450 


400 


50 


Wieland & Pfleiderer: Lactic Acid Dehydrogenases 


LEU. 
VAL. 


CPT AAS OTH Ded ThE A Bk 


ASP. 


GLU. 
LYS. 


ALA. 


ARG. 


PHAL. 
HIS. 


RAT-SKELETAL RAT-LIVER 


Ficure 5. Differences between rat-skeletal LDH and rat-liver LDH. 
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rather constant in all enzyme samples, about 150 moles per mole of protein. 
From these, one can contribute about 60 moles to decomposition and 90 to 
amide origin. Consequently the net charge of the nonmobile LDHs at pH 
8.6 would be zero. An analogous calculation gives the results shown in TABLE 2. 

The astonishingly good agreement between mobility and calculated net 
charge impossibly can be only by chance, but seems to constitute further proof 
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of the correctness of our amino-acid determinations. 
which are being continued, it is evident that the mammals do not contain only | 
one LDH, as was believed earlier but—as the example of rat shows—contain 
at least seven different LDH proteins, presumably even many more. The 
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biological meaning of this fact is not at all clear to us today. 
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TABLE 2 
Lactate dehydrogenase from: 
Rat 
Heart Pig heart 
Skeletal Liver 

I I Til IV 
@® (Arg. + lys.) 138 138 120 | 123 | 128 | 137 117 
© (Glu. + asp.) — 90 133 135 151 147 143 | -140 150 
Difference +5 +3 —31 | —24 | —15 | ~—3 —33 
Mobility to anode (arbitrary 

units) 0 0 100 75 50 25 100 
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Discussion 


Mayo Uzier (Department of Biochemistry, Tufts University School of Medi- 
cine, Boston, Mass.): From the criteria discussed in previous papers it seems 
clear that the several ribonuclease (RNase) components present in pancreas 
are isozymes. E. Bartos and myself have performed a comparative study of 
these isozymes isolated from calf pancreas and guinea pig pancreas. We sep- 
arated the various subcellular fractions after homogenization and analyzed each 
by chromatography on IRC-50. 

Large differences were observed with this type of analysis. On comparison 
of the chromatographic patterns of total extracts of the tissue, the calf pancreas 
contained about 90 per cent as RNase A (the more highly adsorbed component); 
whereas the guinea pig pancreas has only 65 per cent. On analysis, the sub- 
cellular fractions of the calf pancreas gave the same pattern: that is, 90 per cent 
RNase A and 10 per cent RNase B. On the other hand, the guinea pig pan- 
creas subcellular fractions gave different patterns: the zymogen granules had 
about 80 per cent RNase A, the microsomes and ribonucleoprotein particles 
had about 75 per cent RNase A, while the supernatant fluid had only 55 per 
cent as RNase A. : 

Therefore, although there are discrete subcellular particles containing the 
enzyme, the mechanism of their formation is not necessarily dependent upon 


their location within the cell but on some more complex system, for example, 
the mechanism of their biosynthesis. 


EVOLUTION AND DIFFERENTIATION OF DEHYDROGENASES* 


Nathan O. Kaplan and Margaret M. Ciotti 


Graduate Department of Biochemistry, Brandeis University, Waltham, Mass. 


During the past eight years we have been carrying on investigations involv- 
ing pyridine coenzyme analogues. We found that the analogues could be used 
to show the heterogeneity of enzymes catalyzing the same function. This 
paper summarizes some of our results obtained with the analogues and illus- 
trates the use of the catalytic technique to determine molecular heterogeneity. 


Types of Coenzyme Analogue Used 


We have prepared analogues of diphosphopyridine nucleotides (DPN) and of 
triphosphopyridine nucleotides (TPN), which are substituted in the adenine 
and nicotinamide moieties. Both types of substitution are useful in studies on 
heterogeneity. TABLE 1 lists some of the pyridine analogues used for studies 
on heterogeneity, and TABLE 2 lists some of the analogues which are purine 
derivatives. 


Alcohol Dehydrogenases 


The yeast alcohol dehydrogenase molecule is very different from the horse 
liver alcohol dehydrogenase molecule, although both catalyze the oxidation of 
ethanol. The difference can be dramatically demonstrated by the reaction 
rates with a number of coenzyme analogues, as illustrated in TABLE 3. It is 
_ remarkable that certain analogues, which do not react with the crystalline yeast 
enzyme, react with the crystalline horse liver catalyst at a much faster rate 
than with the natural coenzyme. Hence the analogues clearly show that there 
is a big difference between the two enzymes. When such extreme differences 
are found with the analogue reactions, large differences are also found with re- 
spect to physical properties of the enzymes. It is known that the molecular 
weight of the yeast enzyme is approximately twice that of the liver enzyme. 
‘The yeast contains 4 moles of zinc per mole of enzyme and binds 4 moles of 
DPN; the liver catalyst has 2 moles of zinc and binds 2 moles of the coenzyme.! 
Ludwig Brand and Johannes Everse of our laboratory have found that the two 
alcohol dehydrogenases differ greatly in their response to denaturating agents. 


4 


D and L Lactic Dehydrogenases 


In Lactobacillus plantarum there exist two lactic dehydrogenases. One is 
cific for L(+) lactate and the second for p(—) lactate. These two enzymes 
are difficult to separate either by electrophoresis or by column chromatography. 
t has been possible to distinguish the two enzymes by their rates of reduction 
f DPN analogues.2 This is shown in TaBLE 4. Both enzymes are specific 
* Pyblication No. 115 from the Graduate Department of Biochemistry, Brandeis Uni- 
ity. This study was supported in part by Grant P-77 from the American Cancer Society, 


few York, N.Y.; by Grant Cy-3611 from the National Cancer Institute, Public Health 
ice, Pcchedda, Ma.; and by a grant from the National Science Foundation, Washington, 


701 


702 Annals New York Academy of Sciences 


for DPN and do not react with TPN. Both react with the 3-acetylpyridine 
DPN at a much faster rate than with DPN. The two dehydrogenases indicate 
that there are two distinct enzymes, since one enzyme reacts better with one 
group of analogues than the second does, and the second reacts at a faster rate 


TABLE 1 
PYRIDINE-SUBSTITUTED ANALOGUES 


—C—NH», 3-thionicotinamide-*DPN (TNDPN) 
—C—H pytidine-3-aldehyde-*DPN (Py3AIDPN) 
—C—CH; 3-acetylpyridine-*-DPN (APDPN) 
—C—CH:—CH; 3-ethylpyridyl ketone-*DPN (EPKDPN) 


O 


I 
—C—CH2—CH:2CH; 3-propylpyridyl ketone-*DPN (PPKDPN) 


CH; 
re, 
—C ei N-methy] nicotinamide-*DPN 
= : 
i 
5CH;, —C—NHz: 5-methyl nicotinamide-*DPNf 


} First prepared in our laboratory by P. Walter. 


than the first with other analogues. It has been possible to show that the 
L(+) and D(—) lactic dehydrogenases of the Lactobacillus are different struc- 
turally. This has been done by immunochemical methods as well as by dem- 
onstrating marked differences in sensitivity to temperature. Furthermore, it 
has been found that the L(+) enzyme is inhibited by oxamate, whereas the 
p(—) enzyme isnot. These data show that when differences in some properties 


of the enzymes are observed by means of the coenzyme analogues, differences in 


other properties of the enzymes are present. ‘ 


{ 


Kaplan & Ciotti: Dehydrogenases 703 
Vic Glycol Dehydrogenases 


Two DPN-requiring vic glycol dehydrogenases can be isolated from extracts 
of a variant of Aerobacter aerogenes. One of these two dehydrogenases appears 
when the cells are grown on a glycerol medium; the second enzyme arises when 
the organism is grown on a glucose medium. These two enzymes are physi- 


TABLE 2 
ADENINE-SUBSTITUTED ANALOGUES 


Substitution 
if 
nicotinamide hypoxanthine dinucleotide (deamino DPN) 
Bi = (DeDPN) 
—N 
SW A 
i 
HN | nicotinamide uracil dinucleotidet (uracil-*DPN) 
a a | 
NH, 
® SC nicotinamide-1-(2-hydroxyethyl) adenine dinucleotidet 
HOCH.CH.N~* ~ (Ni:EtoDPN) 
Sx 
SN l 
H CH:CH,OH 
o/ 
; nicotinamide-6-(2-hydroxyethyl) purine dinucleotide} 
- oN C | Ny (NeEtoDPN) 
aN 


7 } First prepared in our laboratory by C. P. Fawcett. 
ft First prepared in our laboratory by H. Windmueller. 


TABLE 3 


COMPARISON OF REACTION RATES OF SOME ANALOGUES OF DPN with YEAST AND HorsE 
Liver ALCOHOL DEHYDROGENASES 


Coenzyme Yeast ADH Liver ADH 
DPN 1 1 
Deamino-*DPN 0.12 ded 
3-Acetylpyridine-*DPN 0.05 6.0 
Pyridine-3-aldehyde-*DPN <0.02 0.95 
3-Thionicotinamide-*DPN 0.16 3.5 
3-Benzoylpyridine-*DPN 0 0.31 
Propyl pyridyl ketone-*DPN <0.01 ae 
-Uracil-*DPN 0.02 0. 


Eifanol (0.1 M) was used in all reaction mixtures. 


a 
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cally inseparable. However, as indicated in TABLE 5, they show remarkably 
different reactions with the coenzyme analogues. Differences in stability and 
immunochemical characteristics, as well as in pH optima, show that the two - 
enzymes are dissimilar. These studies with the vic glycol dehydrogenases dem- 
onstrate that closely related enzymes can have properties that make them 
difficult to distinguish by physical means, even though they are heterogeneous. 


TABLE 4 


PyRIDINE NUCLEOTIDE SPECIFICITY OF Lactic DEHYDROGENASES 
FROM LACTOBACILLUS PLANTARUM 


DPN rate taken as 100% 
Coenzyme or analogue 
p(—)-LDH 1(+)-LDH 
(%) (%) 
TPN 0 0 
3-Acetylpyridine-*DPN 430 1300 
Pyridine-3-aldehyde-*DPN vf 57 
Thionicotinamide-*DPN 52 185 
3-Benzoylpyridine-*DPN 215t 13+ 
Deamino DPN 60 0 


+ Rate for 55 min., whereas all other rates are for the 30- to 90-sec. interval. 


TABLE 5 
vic GtycoL DEHYDROGENASES FROM AEROBACTER AEROGENEST 


Glucose grown Glycerol grown 


(relative rates) 


DPN 100 100 
Deamino DPN 12 252 
Acetylpyridine-*DPN 73 4 
Pyridine-3-aldehyde-*DPN 55 20 

{ From Lamborg and Kaplan.’ | 


Hexitol Phosphate Dehydrogenases 


Maurice Liss, in collaboration with Susan Horwitz, has made in our labora- 
tory another interesting use of the analogues in distinguishing properties of the 
dehydrogenases. They have been studying the mannitol and sorbitol phos- 
phate dehydrogenases from Aerobacter aerogenes. The two hexitol phosphates - 
are isomers and differ only in the configuration around one carbon atom. The 
dehydrogenases are specific, that is, one enzyme reacts only with the mannitol 
phosphate; the second, however, reacts with the sorbitol phosphate. In early 
studies it appeared that the activities of the two enzymes were due to different _ 
proteins, since it was found that their reactions with the coenzyme analogues © 
differed considerably. Tas LE 6 shows the strikingly big difference between 
the two enzymes in their reaction with the thionicotinamide-*DPN. The two 
hexitol phosphate dehydrogenases have now been extensively purified. It is_ 

) 
q 
i 
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of interest that the mannitol phosphate dehydrogenase has a molecular weight 
of approximately 30,000; the sorbitol phosphate dehydrogenase, however, ap- 
pears to have a molecular weight 3 to 4 times as great. The two enzymes also 
have been found to be considerably different in their heat stability, in their re- 
quirements for sulfhydryl groups, as well as in manifestations of some slight 
difference in their electrophoretic mobilities. Studies such as the above give 

_ us the impression that when there is a great difference in reactivity with the 
analogues, one will find considerable variation in the physical properties of the 
enzyme. 


Substrate Inhibition of Dehydrogenases 


During our first studies with the coenzyme analogues we observed that several 
of the analogues reacted differently to beef and to rabbit skeletal muscle lactic 
dehydrogenases.’ These studies indicated to us that the two enzymes were 
heterogeneous. We also noted that the dehydrogenases as a group showed 


TABLE 6 
AEROBACTER HEXITOL PHOSPHATE DEHYDROGENASES 


Mannitol Sorbitol 
1-phosphate 6-phosphate 
dehydrogenases dehydrogenases 


° (Relative rates) 


. DPN 100 100 
4 6-(2-hydroxyethyl amino)purine-*DPN 75 il 
A Thionicotinamide-*DPN <a 100 
. Deamino DPN 70 <1 


= | 


_ characteristic substrate inhibition,*-8 and that the Michaelis constant depended 
, on the type of coenzyme employed. Ficure 1 illustrates this. It shows that 
_ the affinity of the substrate for the enzyme is determined by the coenzyme used. 
The difference between the analogues, such as the reduced ethylpyridy] ketone 
and the 6,2-hydroxyethyl purine derivative, is most striking. With low levels 
_ of substrate, one analogue shows a rapid reaction; with increasing levels of py- 
‘ruvate, marked substrate inhibition is shown. The reverse is seen with the 
_ other analogue where there is negligible reaction with low levels of substrate. 
_ As the substrate concentration is increased, however, the rate accelerates. 
With TPNH and low concentrations of pyruvate, the reaction rate with beef 

heart dehydrogenase is practically negligible (see ricuRE 1); only with high 
concentrations of pyruvate is there significant activity with the reduced TPN.’ 
‘It is important to note that the inhibition with the substrate varies with the 
dinucleotide coenzyme used. Elsewhere we have discussed the significance of 
‘the variation in' substrate saturation with different coenzymes with regard to 
the ternary complex as intermediates in dehydrogenase reactions." It should 
be emphasized that substrate saturation occurs not only with lactic dehydro- 
genases, but also with malic, alcohol, glutamic dehydrogenases, and other en- 
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Heterogeneity of Lactic Dehydrogenases 


We have surveyed the lactic dehydrogenases of different tissues as well as_ 
those from different animals.’ In these studies we have used the coenzyme 
analogues together with three concentrations of each substrate. The concen- 
trations of substrates used in lactic and malic dehydrogenase studies are sume 
marized in TABLE 7. When referring in the tables to the concentration of th- 
substrates used, we have made the following designations: DPN(1), DPN(2), 
DPN(3), and continuing upward. This indicates that with DPN(1) the low 
concentration of lactate or malate was used. DPN(2) refers to conditions 


EPKDPNH 
100 


© 
oO 


TPNH X2 


Percent activity 
& re) 
(2) (2) 


nm 
(e) 


2) 10 5 20°" °25 30.060 3S SO 
Micromales pyruvate added 


t 
Ficure 1. Effect of pyruvate concentration on the reaction rates of beef heart lactic” 
(lehydrogenase with different reduced pyridine nucleotides. With TPNH, 25 times as much 
enzyme was used as with the other nucleotides. The pH of the reaction was 7.5. 


wherein the middle concentration of oxaloacetate or pyruvate was employed. 
In the case of utilization of analogues as coenzymes, the same designations are 
maintained. For example, the designation APDPN(3) refers to experiments 
wherein the highest level of lactate or malate was used with acetylpyridine- ~ 
*DPN. The substrate saturation and substrate inhibition properties of an 
enzyme are most_useful for the recognition of heterogeneity. One can distin- 
guish some differences in closely related enzymes by carefully studying their 
affinity for the natural coenzyme; in general, however, the analogues appear to 
magnify the differences. 

In surveying the characteristics of the dehydrogenases, we usually used crude 
extracts. However, after purifying a number of these enzymes, we found no 
significant differences in the reaction spectra of the analogues with the crude 
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and purified enzymes. We have found great differences in the analogue reac- 
tion with respect to the lactic dehydrogenases from different sources. FIGURE 
2 illustrates these differences by comparing the saturation curves of lobster 
heart lactic dehydrogenase with the beef heart catalyst. The low affinity of 
the lobster enzyme for the natural coenzyme, in comparison with the acetyl- 
pyridine DPN, is indicative of the great difference between the two enzymes. 


TABLE 7 
SUBSTRATE CONCENTRATIONS USED IN THE LACTIC AND Matic DEHYDROGENASE STUDIES 


Final molar concentrations 


(1) (2) (3) 


pi-Lactate 153 10-2 1 xX 107 2G Om” 
Pyruvate SE 1052 3) 1052 i xX 10-2 
t-Malate Oo< GS 5 X 10° eer Oia 
Oxaloacetate Zor ess 2.06107 8 X< 1073* 


aay extracts where there may be high levels of lactic dehydrogenase, and where a high 
_ concentration of oxaloacetate is used, it is necessary to add oxamate because there may be 
significant amounts of pyruvate present in most preparations of oxaloacetate. 


BEEF-HEART MUSCLE LOBSTER-HEART MUSCLE 


ACTIVITY 
3 
ALIALLOW 


Acetylpyridine (DPN) 
ome. OQ 


6 tS, O mp 
10) 0.05 0.10 0.15 0.20 O 0.05 0.10 O15 0.20 0.25 0.30 


Ficure 2. Comparison of the effect of pyruvate concentration on the reaction rates of 
beef heart and lobster heart lactic dehydrogenases. Reproduced by permission from Sci- 


r. 

z 

y 

3 

MOLARITY OF LACTATE 
q ence.” 


“It is noteworthy that under normal conditions for assaying lactic dehydrogen- 
_ases with lactate, one would assume that there is almost no enzyme present in 
the lobster heart. As indicated by the reaction with the acetylpyridine DPN, 
however, appreciable amounts of this enzyme appear to be present. 

In general, we found that closely related species have closely related enzymes. 
For example, mammalian heart enzymes seem to have characteristics that ap- 
pear to be quite common for all the enzymes of the group. However, the 
analogue reactivities indicated differences in the individual tissues of the mam- 
als. As illustrated in TABLE 8,* the heart enzymes from different mammalian 


* All ratios reported in this paper have been calculated on a basis different from the orig- 
inal work;? they now represent ratios of comparable rates. 
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species are more closely related to each other than the heart and muscle enzymes 


——_ 


of one species. Furthermore, the muscle enzymes of different species are quite 


similar. 
Our analogue studies suggest that there are some differences in the lactic de- 
hydrogenases in mammalian tissues other than in the heart and muscle tissues. 


TABLE 8 


Tue RATIOS OF THE REACTION RATES OF LACTIC DEHYDROGENASES FROM HEART AND MUSCLE 
or DirFERENT MAMMALS* 


APDPN:/TNDPN1 
Heart muscle Skeletal muscle 
Man 0.28 0.72 
Rat 0.28 0.96 
Mouse 0.48 1.20 
Guinea pig 0.36 1.10 
Rabbit 0.20 2.00 
Beef 0.38 1.20 
Lamb 0.28 1.40 
Pig 0.28 1.00 


* These values were taken from Kaplan et al.’ 


TABLE 9 
COMPARISON OF THE LAcTIC DEHYDROGENASE REACTION RATES OF THE THIONICOTINAMIDE 
AND ACETYLPYRIDINE ANALOGUES OF DIPHOSPHOPYRIDINE NUCLEOTIDE IN 
DIFFERENT HUMAN TISSUES 


APDPN(1)/TNDPN(1) 
Heart Liver* Kidney Muscle 
1 0.28 1.00 0.22 0.69 
2 0.27 0.80 0.21 0.61 
3 0.24 0.98 0.28 0.64 
4 0.32 1.10 0.25 0.71 


* When using crude extracts of liver, erroneous results may by obtained with the APDPN. 
This is because the analogue reacts readily with the ethanol and the liver alcohol dehydrogen- 
ase. It is pose that ethanol is present in some lactate samples, and this may interfere 
when a high level of lactate isemployed. We have overcome this interference by including 
hydroxylamine when APDPN is used with liver extracts. Hydroxylamine is a potent in- 
hibitor of liver alcohol dehydrogenase.!” 


These differences are illustrated in TABLE 9, which compares some human tis- _ 


sues. The liver enzyme is more closely related to the muscle enzyme than to 
the heart enzyme. The kidney enzyme, however, seems to be more closely 


related to the heart lactic dehydrogenase. With some of our newer coenzyme — 


analogues it has been possible to distinguish between the heart and kidney lactic 
dehydrogenases. 


A preliminary survey, based on the analogue reactions, suggests that there — 
may be two main types of lactic dehydrogenases in human tissues (TABLE 10). — 


This classification was obtained from results primarily with the thionicotin- 


i 
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amide-*DPN and 3-acetylpyridine-*DPN reactions. Lung seems to be inter- 
mediate between the two groups. Although the tissues appear to fall into two 
main categories, there may be more subtle differences among the members of 
each group. Our present working hypothesis is that the two main forms repre- 
sent different molecular configurations that are modified in the individual tis- 
sues.’ An understanding of the genetic factors controlling the formation of 
the lactic dehydrogenases in various tissues may be of considerable importance 
for the solution of some of the fundamental problems of differentiation. 

Tt may be worthwhile to compare our results in relation to those obtained by 
electrophoretic procedures in which multiple bands of lactic dehydrogenases 
have been reported to occur in extracts of mammalian tissues.?"!_ Our methods 
with the coenzyme analogues would not discriminate among the bands and 
would represent the average activities of the bands in each tissue. However, 
it should be pointed out that most of the activity in each tissue resides in one 
or two main electrophoretic fractions. .Markert and Appella report, elsewhere 
in these pages, that activity of two significant electrophoretic components of 


TABLE 10 

TyprEs oF Human Lactic DEHYDROGENASES 

I II 
Skeletal muscle Heart 
Liver Kidney 
Spleen Lung Pancreas 
Intestine Stomach 

Erythrocytes 


beef heart are identical in their physical characteristics as well as in their reac- 
_ tion rates with the dinucleotide analogues. It therefore appears quite likely 
that in our experiments, even in crude extracts, we are measuring the main 
catalytic characteristic that is significant in the tissue. 
We have also found that the lactic dehydrogenases from lobster tissues other 
_than the heart possess the same relatively low affinity that the heart enzyme has 
for lactate when DPN is the coenzyme, and a much greater affinity for the sub- 
strate when the acetylpyridine DPN is the hydrogen acceptor. This is shown 
in TABLE 11. The heart enzyme from the lobster seems to be somewhat differ- 
ent from the thoracic muscle enzyme, and the thoracic muscle enzyme appears 
" to differ slightly in some characteristics from the claw muscle. Although there 
_ are some differences in the individual tissue enzymes of the lobster, all the tissue 
‘enzymes seem to have common characteristics. The other crustaceans listed 
in the table also contain lactic dehydrogenases with properties similar to those 
of the lobster. On the other hand, Limulus (horseshoe crab), which is a mem- 
ber of the Arachnids, appears to contain lactic dehydrogenases considerably 
different from those of the crustaceans. The enzymes of the Limulus react 
more favorably with DPN than does the lobster system, as shown by the low 
acetylpyridine ratios. All the lactic dehydrogenases of the Limulus that have 
een studied show a relatively low affinity for lactate when the acetylpyridine- 


i OE i ee 
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*DPN is used as coenzyme. The Limulus hearts can also be characterized by 
their inactivity with the pyridine-3-aldehyde and thionicotinamide analogues; 
the crustacean enzymes all appear to react somewhat with these analogues. It 
is noteworthy that scorpions, spiders, and tarantulas, which are in the same 
subphylum as Limulus, have lactic dehydrogenases with properties very similar 


TABLE 11 
Lactic DEHYDROGENASES OF THE PHYLUM ARTHROPODA* 


DPNH(2) | DeDPNH(2)| DPN(2) | APDPN(1) |Detectable| Activity 


Subphy isan DPNH(i)| DPNH@) | DPN(i) | DPN) | TNDPN | Py3AIDPN 
Mandibulata: 
hermit crab body muscle {3 0.9 9.4 6 + + 
fiddler crab claw muscle 1.8 0.2 >10 >40t 4- a 
green crab body and claw 
muscle 1 od Ons 6.0 + + 
edible crab body muscle Ze 0.3 >10 + + 
crayfish body muscle 2.8 0.2 >10 + Fi 
lobster heart muscle 320 0.17 3.9 35 + + 
body muscle Deed. 0.7 9.0 17 + + 
claw muscle 2.0 0.3 4.0 40 + + 
Chelicerata: 
limulus heart muscle 0.36 Wsif ied 0.30 _ _ 
body muscle 0.59 1.8 5 0.08 - — 
liver 0.29 8.3 1.4 0.70 — _ 
tarantula muscle 0.5 i a | 1 bet} 0.12 - — 
scorpion muscle 0.4 ayo 1.6 0.16 — - 
wolf spider muscle 0.35 1.8 i 0.06 - trace 


* Adapted from Kaplan ef al.” 
_ 1 The activity with low concentrations of lactate and DPN were most slow, making it 
impossible to obtain significantly accurate ratios. 


TABLE 12 
Lactic DEHYDROGENASES OF SOME ANNELIDS 


DeDPN(2) | APDPN(1) | DPNH(2) DPNH(1)_| DeDPNH(2) | Py3AIDPN(2) 
DeDPN(1) | DPN(1) DPNH(1) | DeDPNH(1) | DeDPNH(1) DPN (2) 


Earthworm (I) 5.3 pas’ 1 fy 204 1.9 0.66 
Earthworm (II) 5.0 6.1 1.4 2.5 2.4 0.90 
Leech (medical) ie. 3.6 1 2 ae 0.77 
Leech (nonmedical) 4.8 3.5 tind 1.9 1.6 0.65 
Nereis Dee 0.65 1.0 sid! 1.0 Oe 


* No reaction with Py3AIDPN. 


to those of the Limulus. Although lactic dehydrogenases from the different 
tissues of the Limulus appear to have some similar properties, there are charac- 
teristics that show that the enzymes from the individual tissues are heterogene- 
ous. Such evidence may further indicate that the lactic dehydrogenases of — 
one species may possess common properties which are modified in different 
tissues. : 

TABLE 12 compares the properties from a number of annelid species. It is 
evident that the two different species of earthworm are closely related, and the 
two species of leech also show enzymes with the same general characteristics. _ 
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It is interesting that the enzymes from the two leeches are more closely related 
to each other than to the enzymes from the two earthworms; this is also true 
for the earthworms. On the other hand, the lactic dehydrogenase obtained 
from the muscle of the Nereis appears to be significantly different from the 
earthworm and leech enzymes. 

___ We have previously reported that the flat fish possess lactic dehydrogenases 
that are quite strikingly different from those of other fish (TABLE 13). Various 
flat fish, such as sole, flounder, and halibut, apparently have closely related lac- 
tic dehydrogenases. Although the heart and skeletal muscle enzymes of the 
flat fish appear to be somewhat different, they still possess the same general 
characteristics of reacting rapidly with the acetylpyridine analogue. This 
again would indicate common characteristics for a given species. It is interest- 
ing that the malic and liver alcohol dehydrogenases of the flat fish are consider- 
ably different from those of other vertebrates. 

It has been reported that the flat fish group originated in the Eocene period, 
which is about 50 million years later than when most teleost groups existed. 


TABLE 13 

APDPN(1)/TNDPN(1) Lactic DEHYDROGENASE Ratios IN Fish HEART 
Man 0.28 Cod 1252 
Sea bass 0.36 Silver hake 0.70 
Butterfish 0.32 Perch 4.2 
Scup 0.24 Puffer 3.0 
Sea robin 0.76 Flounder 1D 
Toadfish 0.56 Sole 12.0 
Dogfish 0.48 Halibut 116 
Shark 1.36 


As indicated in the table, the perch heart lactic dehydrogenase, when compared 
with the other fish, shows characteristics somewhat similar to the flat fish en- 
zymes. It has been suggested that the perch group might be the ancestor of 
the flat fish. Our data support such a view and illustrate the usefulness of this 
_ type of enzyme comparison in evaluating the relationships of different organ- 
isms. 
In examining some of the fish, we observed that the dark and light muscles 
of certain species contained lactic dehydrogenases considerably different in 
their reaction to the coenzymes.’ These differences are illustrated in TABLE 14, 
_ which shows that, in the trout and mackerel, the enzyme from the dark muscle 
is quite distinct from that of the light muscle and similar to that found in the 
heart. In the herring, scup, butterfish, and dogfish, there is also a closer rela- 
_ tionship between the heart and dark muscle dehydrogenases than between the 
_ dehydrogenases from the dark and light muscles. These results suggest that 
_ in these species the heart and dark muscles may have a common origin. In 
_ other fish, such as the sea robin, a similarity in properties of the enzymes from 
the dark and light muscles has been found. These enzymes can easily be dis- 
tinguished from the heart lactic dehydrogenase (TABLE 14). As indicated in 
the table, the dark and light muscle enzyme activities of the salamander are 
almost identical and quite different from those of the heart. According to our 
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methods of assay, the lactic dehydrogenases from the dark and light muscles 
of the chicken are also identical. : 

TaBLeE 15 compares the reaction rates of the lactic dehydrogenases from the 
leg and abdomen muscles of the rat. The unusually good agreement of the 
values obtained indicates that the enzymes in these two skeletal muscles are 


TABLE 14 


CompARISON OF Ratios OF REACTION RaTEs FOR Lactic DEHYDROGENASES FROM HEART 
WITH RATES FOR DarK AND Licut MuscLE ENZYMES OF DIFFERENT SPECIES 


Ratios for LDH from muscle in 
Mackerel Trout Sea robin Salamander 
Heart | Dark | Light | Heart |} Dark | Light | Heart | Dark | Light | Heart | Dark | Light 
DENAG) 0.91 0.9| 3.2/0.9] 0.9| 2.5} 1.1] 1.7 | 1.4] 0.9} 1.3 | 1.4 
BEN, 1.5/1.5| 2.7] 1.6]1.9| 3.2] 1.3 | 2.9] 3.2] 1.5 | 2.1 | 1.9 
DEN 1.3] 2.0| 3.9] 2.0/1.7|3.9| 2.9| 4.6] 4.1 | 2.8 | 3.2 | 3.1 
SONA 0.1 | 0.1 | 0.7] 0.2 | 0.3 | 1.7} 0.2 | 1.0 | 1.0 | 0.2 | 0.4 | 0.4 
SDN 0.6| 0.5 | 2.7] 0.8 | 1.2 [11.8] 1.5 | 3.6 | 2.4 | 0.8 | 2.3 | 2.2 
aRDEN AD 0.3 | 0.2 | 4.6] 0.6| 0.9] 9.6} 0.8 | 4.1 | 3.5] 0.6 | 1.6 | 1.6 


TABLE 15 
COMPARISON OF SEVERAL Rat Muscte Lactic DEHYDROGENASES 


DENG) TNDPN(3) DPN(2) 

DPN (i) TNDPN(1) DPN(1) 
Skeletal leg muscle 4.9 4.0 Z 
Skeletal abdominal muscle 5.0 3.9 2:2 
Diaphragm ~ 2.6 Dat 1.6 


identical. The diaphragm, however, appears to contain an enzyme somewhat | 
different from that contained in the other two muscles. 

Markert and Moller and Flexner e¢ al." have reported changes by electro-- 
phoretic methods of the lactic dehydrogenases in individual tissues during de- | 
velopment. By means of the analogues, we have been able to demonstrate 
that newborn rat heart contains lactic dehydrogenases somewhat different from 
those found in the adult organ (TABLE 16). This difference has been confirmed 


by immunological studies. The good agreement of the values obtained from . 
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the individual animals suggests the validity of this finding. It is of interest 
that we have detected by our methods no difference between the newborn and 
adult skeletal muscle enzymes. Although Flexner ef al.!2 have reported a differ- 
ence between the newborn and adult guinea pig liver lactic dehydrogenases, 
we have been unable to show any significant difference between the newborn 
and adult rat liver enzymes. The catalytic technique appears to be a potent 
tool for detection of changes in the nature of the dehydrogenases during on- 
togeny and growth. 

In our initial studies we were looking for rather large differences in ratios to 
detect heterogeneity. More recently, we have been checking for variations in 
more closely related species. A comparison of the activities of the crystalline 
lactic dehydrogenases from beef heart and skeletal muscle with those of the 


TABLE 16 

ADULT AND NEWBORN Rat Heart Lactic DEHYDROGENASES 
APDPNH(2) EPKDPNH(2) 
APDPNH(1) NcEtoDPNH(2) 

Adult 

1 0.94 — 

2 0.89 17 

3 1.05 1.10 

4 0.80 1.36 

5 0.95 1.10 

6 0.92 1.42 

Newborn* 

1 1225 — 

2 1.40 0.48 

3 1.50 0.43 

4 1232 0.78 

5 1.22 0.73 

6 1.36 0.50 


* All were less than 24 hours old. 


_ purified enzymes from chicken heart and muscle indicates that there are sig- 
nificant differences between the chicken and beef systems; these are shown in 
rapte17. The chicken muscle enzyme reacts at a considerably faster rate with 
; the acetylpyridine-*DPN relative to the natural coenzyme than does the cor- 
responding beef catalyst. The differences between the two heart enzymes are 
r reproducible. Although the two heart proteins have many common charac- 
" teristics, they are certainly not identical. It is of interest that Robert D. Cahn 
7 and Lawrence Levine of our laboratory have found that an antibody produced 
_ against the chicken heart lactic dehydrogenase will cross-react with the beef 
heart enzyme. The antibody reaction with the beef heart protein is much 
weaker than with the homologous chicken heart dehydrogenase. Nevertheless, 
‘the beef heart enzyme shows a better cross reaction with the antibody than do 
either the beef or chicken skeletal muscle enzymes. In general, we have been 
able to obtain good agreement between immunochemical and coenzyme ana- 
logue methods in showing the relationships of the dehydrogenases (see also 
Nisselbaum and Bodansky4). We have been able to predict, with some ac- 
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curacy, the cross reactivity of various enzymes to a given antibody by an exam- 
ination of the catalytic data obtained with the analogues. _ 

The ability to distinguish chicken and beef enzymes has prompted us to in- 
vestigate carefully possible variations among the dehydrogenases of different 
mammalian species; this type of study is now in progress. 


TABLE 17 
COMPARISON OF BEEF AND CHICKEN Lactic DEHYDROGENASES 
Heart Skeletal muscle 
Beef Chicken Beef Chicken 

DPN(2) 
DPN(1) $312, Lez, 2.18 2.62 
TNDPN(1) 
DPN() 0.36 0.58 0.22 0.24 
APDPN(1) 
DPNG@) 0.06 0.15 0.23 1.04 
APDPN(3) 

TABLE 18 


COMPARISON OF RATIOS OF REACTION RATES OF REDUCED ANALOGUES OF DPN witH 
CRYSTALLINE BEEF HEART AND BEEF SKELETAL 
Muscre Lactic DEHYDROGENASES 


Beef heart Beef muscle 
Deamino-DPNH 
Acetylpyridine-*DPNH 2.15 1.03 
Acetylpyridine-*DPNH 
Ethyl pyridyl ketone-*DPNH 1.45 8.90 : 
Ethylpyridyl ketone--DPNH | 
6-(2-hydroxyethylamino)purine-DPNH 1.5 0.29 


Rates were compared using 4 times as much ethyl pyridylketone-*-DPNH, and 6-(2- 
nae eee pamap Renn DE NE, 10 times as much acetylpyridine-*-DPNH as deamino- 


It is also possible to show differences by means of the reduced coenzyme 
analogues. This is demonstrated in TaBLE 18 where the activities of crystalline 
beef heart and beef muscle lactic dehydrogenases are compared. The striking 
differences in catalytic properties are also reflected by great differences in physi- 
cal properties. Ludwig Brand, Robert H. McKay and Johannes Everse have 
studied in great detail a number of characteristics of the two enzymes. FIGURE 
3 shows the large difference in heat stability of the two crystalline proteins. 
Other properties, such as sensitivity to urea denaturation and hydrogen ion, © 

4 
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are also extremely different. Preliminary studies with the Stein and Moore 
automatic amino acid analyzer showed little difference in the amino acid com- 
position of the two lactic dehydrogenases. We emphasize again that when 


“100 


Percent activity 


} PAS 46 150u)54,458...62 66 .70.C. 
TEMPERATURE 


Ficure 3. Effect of temperature on the reaction rates of crystalline beef heart and beef 
skeletal muscle lactic dehydrogenases. The reactions were carried out at 30° C. after treat- 
“ment for 15 min. at the indicated temperature. 


differences exist in the catalytic activities of two enzymes promoting the same 
function, differences in the physical properties of the proteins should also be 
observable. 

a” 


— 


Malic Dehydrogenases 


During the past two years, we have made an extensive study with the coen- 
zyme analogues of the malic dehydrogenases in different organisms. T his 


, 
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enzyme is of considerable advantage in studies on evolution and classification 1 
because of its almost universal distribution. Lactic dehydrogenase, on the } 
other hand, is absent in many plants, invertebrates, and microorganisms. ; 

We have found by the reaction rates with the analogues that the soluble and 
mitochondrial enzymes are different. This difference has also been: reported | 
by others using different criteria.%'® A comparison of the soluble and mito- - 
chondrial malic dehydrogenases from several tissues of the rabbit is given in| 
TABLE 19. The soluble fraction represents a high speed (100,000 g for 60 min.) | 
centrifugate. The mitochondrial values were obtained on extracts of mito- - 
chondria after sonic oscillation and centrifugation at 100,000 g. Placing the : 
soluble fraction in a sonic oscillator does not alter the catalytic characteristics } 
of the soluble malic dehydrogenase. It is evident from the data in TABLE 19! 
that the soluble enzymes of different tissues are more closely related to each | 
other than the mitochondrial and soluble enzymes of one tissue. This is also } 
true of the various mitochondrial enzymes. The heart enzyme seems to be | 


TABLE 19 
Matic DEHYDROGENASES OF SOLUBLE AND MITOCHONDRIAL FRACTIONS OF RABBIT TISSUES } 


DPNH(1) TNDPN(3) EKDPN (1) APDPNH(3) | APDPNH(3) | TNDPN(3) 


DeDPNH(1) TNDPN(1) TNDPN (1) DeDPNH(1) DPN (3) Py3AIDPN(3) 

Mt Sol Mt Sol Mt Sol Mt Sol Mt | Sol Mt Sol 
Liver 2.4) £.4 | 3.3} 2.2 | 3.6) 0:92 | 1.3 | 0.36 | 1.4.) 0. SON aig 
Brain 4.2} 1.4. |°2.5 | 1.7 | 1.7.) 0.82.) 1.5 |-0.90 | 1.2 | OL. S2aiee eae ee 
Kidney 4.7 | 1.8 | 3.4} 1.9 | 2.9 | 0.90 | 1.7 | 0.44 | 1.2 | 0.76 | 1.9 | 2.0 
Muscle 4.7 | 1.6°15.2 | 1.7 | 4.3) 0,92. | 2.7.) 0.54 | 1.5 | 0.95 1 aeaaoee 
Heart SI | seed OU DR | Pa FL fon: Ne A Ae Te HC iY Wat cafe Ps 1 a2 


somewhat anomalous when compared to the findings of other rabbit tissues. 
This anomaly, however, has also been found in rat heart, where both the mito- 
chondrial and soluble malic dehydrogenases appear to be distinct from the cor- 
responding enzymes in kidney, muscle, and liver. i 
Our studies to date suggest there is not the striking difference in the individual 
tissue malic dehydrogenases of mammals as has been found with the lactic de- 
hydrogenases. The evolutionary changes that have been observed with the 
mammalian and fish lactic dehydrogenases are not so apparent with the malic 
dehydrogenases. Some differences have been detected among a number of 
teleost fish and mammals, however. More dramatic differences have been ob- 
served with invertebrates. This is illustrated in TABLE 20, which compares the 
soluble malic dehydrogenases of the rabbit with those of the clam, octopus, and 
snail. The results indicate that each animal has a distinct malic dehydrogenase 
characterized by its reaction with some of the analogues. The malic dehy- 
drogenases in all the clam tissues can be distinguished by their low affinity for 
ethyl pyridine ketone-*DPN, as well as by their slow reactions with deamino 
DPN. The clam enzymes appear to be considerably different from the snail 
malic dehydrogenases. In the octopus, the enzyme is characterized by a 
marked substrate inhibition when acetylpyridine-*DPN is the coenzyme. Al- 
b 
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though all the tissues of the octopus show this substrate inhibition, the individ- 
ual tissues show a significant difference in the ratios of the reaction rates ob- 
tained with thionicotinamide-*DPN and deamino DPN. This would suggest 
that there is a characteristic species, malic dehydrogenase, which is modified 
in the different tissues. From our preliminary survey it is our impression that 
there has been more differentiation of malic dehydrogenases in the tissues of 
invertebrates than in vertebrates. 

The malic dehydrogenases in bacteria show considerable diversification. 
We have found in general that closely related species possess enzymes with 
properties which are quite similar. These relationships are illustrated in TABLE 
21. It is of interest that members of the aerogenes-coli group have malic de- 


TABLE 20 
Matic DEHYDROGENASES OF SOME ANIMALS* 
APDPN(3) TNDPN(3) EPDPN(3) DeDPN(3) 
APDPN(1) DeDPN(1) EPDPN(1) DeDPN(1) 
Snail 
Kidney 0.43 ECE) 2ES 4.3 
Liver 0.43 12.0 PES) Shas} 
Muscle 0.39 12.3 23 3.4 
Clam 
Siphon muscle 0.76 >80 16.4 20 
Liver —fT >80 16.0 >20 
Foot muscle 0.50 55 120) 9 
Octopus 
. Liver 0.10 >20 QE >20 
Brachial hearts 0.10 Sno) 2.4 P19) 
__ Ovary 0.11 3.0 1.9 0.79 
Rabbit 
~ Muscle 0.40 AAD) Saal 320 
Liver 0.37 3.0 3.6 320) 
Kidney 0.38 Ded 4.1 3.4 
' Heart 0.41 3.4 BA) Sal 


p 


_ *The analyses were done on the 100,000 g supernatant of the tissue homogenate. 
{ Value not reported because of inaccuracy due to interfering reactions. 


Sena with common characteristics and that they are quite different 
from those of the other bacteria listed in the table. 
In contrast to the aerogenes-coli group, the Bacillus group as a whole shows 
emarkable differences with respect to their malic dehydrogenases. We have 
studied to date approximately 50 members of this group, and we have been 
‘greatly impressed by the extent of the diversification. Tare 22 gives the 
‘data on some of the organisms that we have studied. The data with the 
2 alogues clearly indicate a difference between B. megatherium, B. cereus, B. 
macerans, and B. subtilis. As indicated, the malic dehydrogenases of B. my- 
coid.s, which is ‘a closely related variant of cereus, has characteristics almost 
identical with the cereus enzyme. The megatherium-cereus organism, a strain 
supplied to us by Jackson Foster, has been considered an intermediate between 
the two types of Bacillus. Our results with the malic dehydrogenases mdicate 
that the organism is very closely related to cereus, and not to megatherium. 
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Julius Marmur of our laboratory has been making a detailed study of the base » 
composition in the DNA of the Bacillus group. In contrast to the aerogenes- - 
coli group, he has found considerable differences in the composition of the DNA i 
in the various Bacillus members. It is of interest, in this connection, that the ! 
DNA of the megatherium-cereus intermediate is almost identical in composition 
to that of cereus. A generally good correlation has been found between our: 


TABLE 21 
BACTERIAL Matic DEHYDROGENASES 


= 


DPNH(1) | DPNH(1) TNDPN(3) | APDPN(1)| DPN(3)_ | APDPN(3) 


DPNH(2) |DeDPNH(1) |Py3AIDPN(3) DPN(1) |TNDPN(3) | APDPN(1) © 

Coli aerogenes group: 

E. coli 2.4 3.6 1.6 4.8 3.6 0.45 

Aero. aerogenes 2.4 2.9 1.9 4.8 3.5 0.46 

Sh. dysenteriae 3.0 2.9 ef 4.0 3.7 0.43 

Salm. typhimurium 2.4 3.0 1.6 4.5 3.9 0.42 
Other bacteria: 

B. subtilis 4.0 0.91 1.2 2.0 0.47 0.15 

Rhizobium (Str. 505) 3.0 0.8 7.0 9.9 1 0.90 

Pr. pentosaceum 123 2.8 eg} Za 1.9 0.43 

Ps. saccharophila 1.0 1.8 1.3 hes 2.9 0.37 

R. rubrum 2.5 3.1 Be (ies) 1.2 0.45 

Achromo. fischeri 2.9 2.3 Lov, 6.2 1.8 0.43 

Lacto. arabinosus eS 7.4 1.8 age 3.1 0.38 

TABLE 22 
Bacittus Maric DEHYDROGENASES 
APDPNH (1) DPN(2) DPNH(3) BPK- TNDPN(3) 
APDPNH(3) |EPKDPN(2) |APDPNH(3) | *DPNt TNDPN(1) 

Cereus 1.4 >100 1.6 0 1.6 
Cereus v. mycoides 1.4 > 100 2.0 0 doa 
“Cereus-megatherium”’ 1.3 > 100 1.8 0 1.6 
Megatherium 5.0 ibe 19.8 0 4.4 
Macerans No. 1 4.8 0.84 | 27.0 + 2.18 
Macerans No. 2 5.5 O70 e213 at 1, Se 
Subtilis No. 9789 0.68 14.2 0.56 trace 0.58 
Subtilis No. 168 0.81 16.0 0.75 trace 0.57 


} Butyryl pyridyl ketone-*DPN. 


results with the malic dehydrogenase and Marmur’s DNA studies. Further 
details of these investigations will be published elsewhere. | 

We are at present continuing our survey of the bacterial enzymes. It is our 
opinion that characterization of the malic dehydrogenases may prove to be a 
useful and accurate adjunct for classifying microorganisms. % 

TABLE 23 shows that the malic dehydrogenases in a number of higher plants 
are closely related. The enzymes from the two unicellular organisms, Nitella 
and Chlorella, have characteristics that indicate their relationships and are 
somewhat distinct from the higher plant catalysts. 

As indicated by the results with yeast and Neurospora, the fungal malic de- 
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hydrogenases are different from those of the green plants. The slime mold and 
Euglena dehydrogenases appear not to be related to those of the plants. 

Our findings suggest that there have been marked changes in malic dehy- 
drogenase during evolution. Although the results of our studies are not con- 
clusive, it is our view from an analysis of the data available thus far that the 
malic dehydrogenases represent the diversification of a single evolutionary 
change. On the other hand, we believe that the lactic dehydrogenases in 
vertebrates, invertebrates, and bacteria may have arisen independently from 
each other as separate evolutionary events. 

The results of our studies strongly suggest that there has been considerable 
evolutionary change in the lactic and malic dehydrogenases. It appears that 
enzyme change is not without significance, but is of importance in the survival 
and perpetuation of new species. This is indicated by the fact that although 


TABLE 23 


Comparison oF Some HicHER PLantT Matic DEHYDROGENASES WITH OTHER ORGANISMS 
— 


DeDPNH(2) DPN(2) APDPN(1) TNDPN(3) 
DeDPNH(1) Py3AIDPN(2) DPN(1) TNDPN(1) 
Corn Leh 17 8.0 2.9 
Peas 1.6 15 9.2 350 
— grass —* 15 11.5 leis 
eat germ 1.9 12 11.0 Ja! 
R egrass seed is 8 9.6 Zi) 
Witella ie >50 5s oes 
hlorella 1.6 > 100 7.4 1.8 
‘Yeast 1.0 5 =e a 3 
Neurospora 1.0 ie 
ease 0.8 7.0 3.2 Sh? 
Slime mold 0.82 1.0 0.48 1.0 


— 
- 


—— . . . . ° 
D * The sea grass malic dehydrogenase does not show a significant reaction with deamino 


here is a characteristic mammalian lactic dehydrogenase in muscle, the enzyme 
s diversified to some extent in the individual members of this group. It is also 
yur belief that the lactic dehydrogenase in vertebrates played a significant role 
in the evolution of this phylum. Further discussion of the evolutionary sig- 
ificance of the dehydrogenases will be presented elsewhere. 
It is evident from our studies that the catalytic identification of enzymes is 
of considerable value in phylogenetic and taxonomic studies. We believe that 
gur approach can also be applied to other than pyridine nucleotide-linked en- 
ymes. Comparative enzyme structure also appears to be of importance in 
classification studies as well as in evaluations of changes associated with evolu- 
jon. It is our hope that studies on some of the crystalline dehydrogenases may 
ip us ascertain which part of the enzyme molecule undergoes change during 


vo lution. 
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Discussion of the Paper 


A. SAMUELS (Department of Pathology, Dartmouth Medical School, Hanover, 
N.H.): Did the substrate lactate protect the lactic dehydrogenase against! 
antibody inhibition? . 

Kaptan: No. 

SAMUELS: This has also been pointed out by B. Cinader,* in his review of anti-: 
bodies against enzymes, who set up a table postulating the combinations of sub-: 
strate and coenzymes that should be needed to protect the enzyme against! 
antibody inhibition, given a mechanism of steric inhibition. Following this. 
lead, the protection of the crystalline enzyme Creatine-ATP transphosphorylase 
against its antibody was studied, and it was found that all substrates (not only 
two) were necessary for protection, which indicated that not only are steric 
factors necessary for enzyme inhibition by antibody and protection by substrate 
against inhibition, but that the conformation of the enzyme is changed during 
the combinations, as further shown by studies of the rotation change during: 
antigen-antibody formation,} and by the rotatory dispersion change of creatine 
kinase only on activation by both Mgt+.t+ q 

Regarding the change in kinetic and inhibitory characteristics of lactic de- 
hydrogenase from skeletal muscle during development, may I report that we 
have done similar work on 5’-adenylic acid deaminase in developing chick- 
embryo skeletal muscle. This enzyme appears in the embryo muscle at 7 days 
of embryonic age, and increases in content with age. The apparent K,, of the 
enzyme studied, on preparations that have undergone various degrees of purifi- 


* Ann. Rey. Microbiol. 1957. 11: 371. 


} SAMUELS, A. 1961. Biophys. J. 1(6): 437. Biophys. Soc. 1961. 5-TB-9. 
{ CampseLL, D. H. & K. IsuizaKa. 1959, 88: 318. 
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cation, decreases fivefold between 9 and 14 days from 7.2 M to 1.4M X 10-¢ 
after which time it maintains the K,, value of the adult enzyme (1.4 K 10-3 M), 
although the concentration continues to increase as the animal grows. This_ 
is shown in FIGURE 1* (this work was done in conjunction with work carried 
on in the Laboratory of Chemical Embryology, Denver, Colo., by H. Herr- 
mann). 


* Reported in The Physiologist. 1957. 1: 24. 


MULTIPLE PEROXIDASES IN CORN* 


D. C. McCune 
Boyce Thompson Institute for Plant Research, Inc., Yonkers, N. Y. 


The physiological role of peroxidase in the plant is not clear, but the increased 
peroxidase activity of dwarf plants (Kamerbeek, 1956) and slowly growing tis- 
sues (Galston and Dalberg, 1954; Konishi; 1956) suggests that peroxidase may 
be a growth-inhibiting factor in the plant. Peroxidase in vitro mediates the 
oxidation of the growth hormone indoleacetic acid (IAA) as discussed by Gal- 
ston et al., 1953 and by Ray, 1960; the formation of lignin or ligninlike sub- 
Stances from coniferyl alcohol or eugenol (Higuchi, 1957; Siegel, 1956); and 
the oxidation of oxalate, oxalacetate (Kenten and Mann, 1953), TPNH, DPNH 
(Azakawa and Conn, 1958), dihydroxyfumarate (Chance, 1952), and many 
other compounds (Burris, 1960). The oxidation in vivo of cytochrome C by 
peroxidase in yeast has also been shown (Chance, 1954). Thus peroxidase 
could limit growth by limiting the amount of IAA present, by the formation of 
a rigid lignin matrix in cell walls, or by affecting respiration in the plant. 

Since the occurrence of multiple peroxidases in plants has been shown by zone 

electrophoresis (Galston and McCune, 1961; Garay and Faragé, 1959; Jermyn 
and Thomas, 1954; Markert and Moller, 1959), by ion exchange chromatog- 
taphy (Paul, 1958); and by various fractionation procedures (Hosoya, 1960a; 
‘Kondo and Morita, 1952), the physiological role of peroxidase and the signifi- 
‘cance of multiple forms of enzymes have become closely related problems. To 
obtain greater understanding of these problems the substrate specificities of the 
‘individual peroxidases of the corn leaf sheath and the changes in the peroxidase 
‘complement of this tissue occurring with growth, dwarfism, and the application 
of gibberellic acid were studied. 


: Materials and Methods 


Seed of Zea mays L. was given by Bernard O. Phinney of the University of 
‘California, Los Angeles, Calif. Segregating dwarf-1 (d;), dwarf-3 (ds), dwarf-5 
d;), and dwarf-8 (ds or dominant) stocks were used. The plants were grown 
under conditions previously described (McCune and Galston, 1959). Prepara- 
‘tion of the material and starch block electrophoresis were carried out by previ- 
ously described procedures (Galston and McCune, 1961). 

_ Peroxidase activity was determined using guaiacol as an hydrogen donor, and 
‘the formation of tetraguaiacol was followed at 470 my in a recording spectro- 
photometer (model 3000 Perkin-Elmer Spectracord) at 30°C. The reaction 
mixture contained 1.2 X 10-2 M guaiacol,t 5 X 10-* M HO» (reagent ACS., 
30 per cent solution),f and pH 6.1, 0.02 M phosphate buffer. After an initial 
_ * This paper constitutes part of a dissertation presented in partial fulfillment for the degree 
‘of Doctor of Philosophy, Yale University, New Haven, Conn. 5 

The work described in this paper was supported in part by predoctoral fellowships for the 
ears 1957 to 1959 and 1959 to 1960 from the National Science Foundation, Washington, D.C. 
and the National Cancer Institute, Public Health Service, Bethesda, Md., respectively. 


+ Eastman Kodak Co., Rochester, N.Y. 
t Allied Chemical Corp., New York, N.Y. 
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lag period the rate of increase of absorbancy was constant for more than 2 min. 
and was used as the peroxidase activity of the sample. During the course of 
the assay less than 4 per cent of the substrate was used. ; 

When pyrogallol was used as an hydrogen donor the increase in absorbancy 
was measured at 430 mu. 

The oxidation of IAA was determined by the method of Ray (1956). The 
reaction mixture contained 1.7 X 10-4 M IAA* and #H 6.1, 0.02 M phosphate 
buffer. In some instances MnCl: (8.3 X 10-5 M), 2,4-dichlorophenol (DCP) 
(8.3 X 10-5), or H,O2 (6.3 X 10-* M) were included in the reaction medium 


PEROXIDASE ACTIVITY 


12 8 4 00 -4 -8 -12 -16 -20 
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Ficure 1. Fractionation of corn-leaf sheath peroxidases by starch electrophoresis i 
phosphate buffer (pH 6.1, 0.02 M) at 2° C. for 12 hours with a field of 6.3 v/ceee is i 


The temperature was 30° C. Quartz cuvettes of 1.0 cm. path length were used, 
and the absorption spectrum of the reaction mixture from 330 to 230 my wal 
determined at 3 or 5 min. intervals. The reaction mixture without added IAA 
was the blank. After an initial lag period the increase in absorbancy at 261 
my was constant and used as the IAA oxidase activity of the sample. 


ay concentrations were determined spectrophotometrically (Layne, 


Results and Discussion 4 


Six peroxidase active fractions were obtained from corn leaf sheath prepara- 
tions. A representative fractionation is shown in FIGURE 1. After starch 


* Nutritional Biochemicals Corp., Cleveland, Ohio. 
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electrophoresis in pH 6.1, 0.02 M phosphate buffer at 2° C. for 12 hours with a 
field of 6.3 volts/cm., 2 fractions were located 8 cm. (Aj) and 3 cm. (Az) toward 
the anode from the origin, and 4 fractions were located 16 cm. (C7510 emi (Ca) 
6 cm. (C3), and 3 cm. (C,) towards the cathode from the origin. The starch 
‘Segments containing the individual fractions were removed and placed in new 
“starch blocks. On a repeated electrophoresis each fraction migrated as a single 
component. 

Substrate specificities of the cathodic components. The activity of each 
peroxidase as a function of guaiacol, pyrogallol, or hydrogen peroxide concentra- 
tion was determined; the results are summarized in TABLE 1. Since the K, 
values shown were determined from steady-state rates, they may not represent 
affinities but they do serve as indices for comparing the different peroxidases 
with respect to a given substrate. The K, values for C., C3, and Cy were 


TABLE 1 
SUBSTRATE SPECIFICITY OF THE CATHODIC PEROXIDASES 
Peroxidase fraction 
Ca C3 Ce Ci 

= 
~Guaiacol K, X 10°? M (H2.02 5 X 10-3 M) flea bal eth 20 
Pyrogallol K, X 10°°.M (H2025 X 10-3 M) 2.1 4.3 123 ale 
‘H.0, K, X 10-* M (Guaiacol 2.4 X 10-2) 7.1 11 fe 4.0 
‘ M) 
AAgio/min. Guaiacol 1.2 * 10-2? M@ 10.0 10.0 10.0 10.0 
4 ogallol $< 1072 2.5. 1.68 | 695.4) 0.23 
~AAg39/min. Pyrogallol 5 X 10-2 M@ : ‘ ; E 
= A H.025 X 10°? M . 5 : ; 
AAogi/hour TAA 1.7 X 107* M@ 
i + MnCl, 8.3 X 10-5 M 0 0 0 0 
S + HO. 6.2 * 10°? W 0.085 | 0.042 0.270 | 0.075 

+ DCP 8.3 * 10°* M 0.395 | 0.009 | 0.081 0.017 
: + DCP & MnCle Deol OnZ20 1.780 | 0.073 
* 


similar for guaiacol but excess guaiacol at 7 X 10°* M inhibited both C3 and 
(C,. The K, of each peroxidase for pyrogallol was different. Cz and Cy, were 
similar with respect to H2O2 and C3 was inhibited by excess H2O2 at 7 X 10? M. 

Tn the lower half of TABLE 1 the IAA oxidase activity of each peroxidase with 
various addenda is compared relative to the activity of the enzyme under the 
Suaiacol assay conditions. The activities of the peroxidases under the pyro- 
gallol assay conditions are also given. Each peroxidase was different in the 
effects of the addenda upon its IAA oxidase activity and in its IAA oxidase 
a tivity relative to the peroxidase activity. None of the peroxidases showed 
TAA oxidase activity with IAA alone or with the addition of MnCl but all 
showed activity with the addition of H,O2, DCP, or DCP and MnCl . Only 
n C, was the IAA oxidase activity greater with the addition of DCP than with 
1,0,. The addition of MnCl, to the medium containing DCP increased the 
t tivity of C; and C, 5-fold but increased that of Ce and €; 20-fold. 

Plant peroxidases have broad substrate specificities and many compounds 
ve as hydrogen donors although a peroxidase specific for the alpha-oxidation 


726 Annals New York Academy of Sciences 


of palmitic, stearic, and myristic acids has been found (Stumpf and Bradbeer,: 
1959). These substrates may be oxidized peroxidatively if H»O: Is present or 
oxidatively with the addition of phenolic cofactors and manganous or cerous. 
ions (Mudd and Burris, 1959). Hosoya (19606 and c) found that the multiple 
peroxidases of the turnip differed in hydrogen donor specificity and in pH op-: 
timum but were similar in reaction mechanism to each other and to horse-: 
radish peroxidase. Thus the peroxidases of the plant may be called multiple 
enzymes on the basis of their similar reactions in vitro, but their broad and: 
different substrate specificities indicate that the peroxidases may function by; 
similar mechanisms but mediate different reactions in the plant such as thet 
formation of lignin, the oxidation of dihydroxy fumarate, or the oxidation of! 
IAA. The different responses to pH, substrate concentration, or the presences 
of cofactors may also indicate that these enzymes mediate the same reaction) 
in the plant but at different pH values, concentrations of substrate, cofactor,’ 
or inhibitor. 


TABLE 2 
CHANGES IN THE PEROXIDASES OF THE LEAF SHEATH OF CORN DuRING GROWTH 
Peroxidase activity 
(moles X 10-6 guaiacol oxidized X min.~! X mg. protein™) 
Length of leaf sheath Peroxidase fraction 
in mm. 
Ai Ae Cs Cs Ce Ci 
12 0.033 0.031 0.40 125 0.15 0.041 
26 0.055 0.073 0.50 1.00 0.32 0.078 
46 0.060 On7 0.47 1.00 0.56 0.13 
65 0.029 0.30 1.16 0.89 0.69 0.20 
73 0.041 0.54 1.90 0.91 0.38 0.11 


Much more needs to be known of the substrate specificities, the effect of the 
medium on the activities of the peroxidases, and the conditions within the plant 
to determine whether the peroxidases of the leaf sheath mediate the same reac 
tion im vivo and are multiple forms of the same enzyme. 

Changes in the peroxidase complement during growth. Over a period of 8 
days the sheath of the second leaf of corn expands from a length of 10 mm. to 
70 mm. in the normal segregant of the dwarf-1 stock used. The specific ac- 
tivity of each peroxidase as a function of the length of the leaf sheath is shown 
in TABLE 2. The activity of each peroxidase is based on the amount of protein 
applied to the starch block. 

Ax, Az, C, , and C2 increased during elongation of the tissue. C3 was highest 
in the unexpanded leaf sheath but decreased in activity during elongation. Cg 
increased slightly during elongation but increased sharply as elongation ceased. 

In cells of the provascular strands of Vicia faba (Jensen, 1955) and the tricho- 
blasts of Phlewm (Avers and Grimm, 1959) enzymic differentiation precedes 
morphological change, and the cells differ markedly in peroxidase activity from 
the surrounding tissue. The unexpanded leaf sheath is relatively homogeneous 
cytologically and shows the simplest peroxidase pattern with C; predominant. 
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With elongation, cell expansion and differentiation occur, and the peroxidase 
pattern grows in complexity. These changes suggest that enzymic differenti- 
ation also may occur here and that the peroxidase complement of the cell may 
vary from vascular element to parenchyma and with the developmental stage 
of each. Since the peroxidases show differences in substrate specificity, an 
histochemical localization of peroxidase activity with a variety of substrates 
may show differences in the distribution of the peroxidases among the cells of 
the leaf sheath. 

The effects of dwarfism and gibberellic acid. The effects of dwarfism and 
the application of gibberellic acid (GA) were studied in the sheath of the second 


TABLE 3 


THE EFrrect OF DWARFISM AND GIBBERELLIC ACID ON THE PEROXIDASES 
OF THE CorN LEAF SHEATH 


Peroxidase activity 
(moles X 10-6 guaiacol oxidized X min.-! X mg. protein™) 
Length of leaf Peroxidase fraction 
sheath in mm. 
Ai As Ca Cs Ce Ci 
Dwarf-1 
Dwarf oe, 0.027 0.15 0.66 0.90 0.61 0.10 
Dwarf + GA 62 0.040 0.25 1.6 1e3 0.90 0.17 
Normal 68 0.035 OlS5 12 0.95 0.69 0.20 
- Normal + GA 77 0.030 Oe25 ila 0.98 0.57 0.12 
Dwarf-3 
Dwarf 22 0.027 0.075 0.59 152 0.20 0.047 
_ Dwarf + GA 66 0.039 0.14 1.8 122 0.27 0.053 
Normal 90 0.047 0.22 ies 1.4 0.20 0.050 
Normal + GA 93 0.036 0.17 1.3 tes 0.21 0.065 
'Wali-. 
Dwarf 12 0.029 0.16 1.0 es) 0.49 0.061 
_ Dwarf + GA 59 0.045 0.24 1.4 Qe 0.34 0.11 
Normal 75 0.074 0.30 13 2.5 0.38 0.062 
_ Normal + GA 81 0.040 0.23 1.4 1.9 0.34 0.027 
wart-8 
~ Dwarf PAL 0.024 0.18 0.77 0.90 0.42 0.066 
_ Dwarf + GA 19 0.025 0.17 0.74 0.75 0.40 0.056 
Normal 80 0.031 0.31 ile) 0:72 0.47 0.059 


t= 


leaf in four single gene nonallelic dwarf mutants (d,, d3, d;, Ds). The length 
‘of the leaf sheath and the specific activity of each peroxidase are shown in table 
3 for the dwarf, normal, and GA-treated plants. 

- Ineach dwarf growth was reduced, but the dwarfs differed from one another 
in amount of growth (20 mm. in d;, 12 mm. in ds) and in the degree of growth 
inhibition (65 per cent in d, , 85 per cent in ds). In all dwarfs the peroxidase 
complement differed from that of the nondwarf segregant. The activity of Ag 
ind C, was reduced in the dwarfs, but changes in the other peroxidases depended 
‘on the particular mutant. C2 was increased in d; but decreased indi. Cs was 
creased in both d; and D;. The normal segregants of the different seed 
rocks were not equivalent in growth or peroxidase complement. The activity 
Sf C, was the most constant but the activities of the other peroxidases in the 


ondwarf depended on the seed stock used. 
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Treatment with gibberellic acid (K gibberellate 75 per cent*) increased 
growth in d;, d3, and d; but not in Ds. In Dg there was no effect of GA but 
in the other dwarfs GA reversed the effect of dwarfism on the peroxidase pat- 
tern. In d; and d; GA increased the level of Cy above that of the nondwarf. 

Phinney and West (1960) have suggested that in the recessive d;, ds , and 
ds mutants a metabolic chain is broken previous to the link represented by gib- 
berellic acid. In Ds the chain may be broken subsequent to GA or another 
substance may be involved which is not related to the gibberellins. A com- 
parison of dwarf and normal, GA-treated and untreated, indicates that the 
level of gibberellic acid in the plant exerts a marked effect upon the peroxidases 
of the leaf sheath as well as on growth. The differences among the dwarfs in 
growth and peroxidase complement suggest that not only a lack of GA but 
also the position of the block on the pathway may be important and have an 
effect on the plant. The differences of the nondwarf plants in peroxidase pat- 
tern and growth among the various seed stocks indicate the presence of genetic 
factors other than the dwarf ones studied that affect growth and peroxidase — 
patterns and vary from seed stock to seed stock. Thus it is also possible that 
the differences among the dwarfs are due to a modification of the dwarf trait 
by these unknown factors. 

Every change in growth was accompanied by a change in the peroxidase pat- 
tern, but whether an altered peroxidase pattern is a cause or consequence of 
altered growth cannot be determined yet. A comparison of the changes with 
development and the effects of dwarfism and GA on the peroxidases shows that - 
it may not be possible to predict the role of an enzyme merely by correlating 
changes in its activity with the changes in the growth of the tissue. In the 
elongating leaf sheath the activity of Cy rose as the growth rate decreased. In 
all dwarfs the activity of Cy was decreased, but it increased upon treatment with | 
GA. Thus C;, is correlated with both decreased and increased growth. Per- 
haps the contradiction could be resolved by ceasing to equate growth with an. 
increase in length. Growth is the result of cell division, elongation, and differ- 
entiation; perhaps a morphological study of the growth coupled with histo- 
chemical and enzymic studies of the peroxidases of the leaf sheath may reveal 
the physiological role of peroxidase and the significance of multiple forms of | 
the same enzyme. | 

Summary 

Six peroxidase active fractions were obtained from corn-leaf sheath prepara- 
tions by starch electrophoresis. The four major fractions differed in substrate 
specificity and in the effect of 2 ,4-dichlorophenol and MnCl, upon their IAA’ 
oxidase activity. The peroxidase pattern of the sheath of the second leaf 
changed as the tissue elongated and matured. In four dwarf mutants, d1, d; : 
d; and Ds , the peroxidase pattern differed from that of the nondwarf segregants. 
Gibberellic acid promoted growth in the d; , ds , and ds and reversed the effect 
of dwarfism on the peroxidase pattern. ; 

* Nutritional Biochemicals Corp. | 
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THE CHROMATOGRAPHIC FORMS OF CYTOCHROME C* 


E. Margoliash and J. Lustgarten 
McGill-M ontreal General Hospital Research Institute, Montreal, Que., Canada 


Proteins showing the characteristic hemochromogen spectrum that classifies 
them as cytochromes c have been prepared from a large variety of animals, 
plants, and microorganisms, and exhibit a correspondingly wide range of 
properties. For example their isoelectric points vary from the acidic to the 
strongly basic range, their molecular weights from nearly 100,000 to 12,000 and 
their oxidation-reduction potentials from +0.320 V to —0.204 V.13 

In the present short review of the evidence relevant to the possible physio- 
logical occurrence of more than a single molecular form of any one particular 
cytochrome c the discussion will be limited to the mammalian type of cyto- 
chromes c. These can be defined as those cytochromes c which are readily 
enzymically oxidized by cytochrome oxidase preparations obtained from 
mammalian sources. Such cytochromes c have been isolated from mammals 

(horse, cow, pig, whale, and others) ,4* birds (chicken, King penguin, pigeon) ,°-" 
fish (tunny, bonito),!2 wheat germ,'? 4 yeast,!>6 and a bacterium, Micrococcus 
denitrificans.” Many of them have been crystallized during the last five 
years.°$:10-12,14,16 Every one of these proteins that has been examined was 

found to have a molecular weight of about 12,000," an unusually basic isoelec- 
tric point!’ and an oxidation-reduction potential of about +0.250 V.”° 

Results that may be interpreted as evidence for the inhomogeneity of cyto- 

chrome c¢ preparations have come from ion-exchange chromatography, low 

“temperature spectra, electrophoresis, and the separation of more than one 
hemin from the protein. These observations will be examined in turn, at- 

‘tempting to correlate them with the possible state of cytochrome c 1m vivo. 


- Ion Exchange Chromatography 


Cytochromes c of the mammalian type with their relatively low molecular 
weight and high basicity are particularly well suited to column chromatography 
on weak cation exchangers. A chromatographic procedure for the purification 
bot cytochrome c was first introduced by Paléus and Neilands*! and subsequently 
1odified to yield the undenatured protein.'® Amberlite IRC-50,{ a poly- 
carboxylic resin, has been used chiefly for the chromatography of cytochrome 
é although other weak cation exchangers such as Decalso Ft and celite 
‘ion-exchangers” are just as effective. Boardman and Partridge studied 
“quantitatively the chromatographic behavior of horse-heart cytochrome ¢ on 
“columns of Amberlite IRC-50, showing that the protein is adsorbed irreversibly 
short-range forces below pH 6; in the neutral pH range the effective forces 
re largely electrostatic depending both on the ionization of the resin, which is 
epressed as the pH decreases, and the basic ionization of the protein, which 


_ * One of the authors (E. M.) is grateful to Abbott Laboratories, North Chicago, Ill., for 

port during part of the period in which the work described in this article was carried out. 
Rohm and Haas Co., Philadelphia, Pa. ? 

¢ Permutit Co. Ltd., London, England. 
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is depressed as the pH increases. In the intermediate range a true ion-exchange 
process results, while at pH values of 10 and above where the «-amino groups 
of lysyl residues on the protein loose their positive charge the protein is not — 
absorbed by the resin. Thus in the pH range in which an ion-exchange process 
is dominant the mobility of any particular form of cytochrome ¢ under speci- | 
fied conditions of temperature and ionic strength will depend largely on the 
number of basic groups on the protein available for reaction with the cation- 
exchanger. 

The classical procedure for the preparation of cytochrome c** involves an 
initial extraction with acid, trichloracetic acid being the one most commonly 
used. When such preparations are chromatographed on cation exchangers 
more than one fraction is invariably observed. Paléus and Neilands”! obtained 
three fractions. Margoliash’® and Margoliash ef al.,?* showed that one could | 
separate numerous fractions depending on the number of steps by which the 
cation concentration was increased during the chromatography. Only one of 
these fractions, that eluted at a cation concentration of 0.22 to 0.25 gm. ion/I.1*: 
24.26 can be considered to approximate the native protein since it has maximal 
enzymic activity and the typical, highly specific hemochromogen properties of 
cytochrome c. Indeed this material termed fraction I*° is not autoxidizable, 
does not combine significantly with carbon monoxide at neutral pH and has 
a spectrum in the reduced form that is unaffected by the hydrogen ion con- 
centration from pH 3 to pH 12. All the other fractions collectively termed 
fractions II are eluted only at higher ionic strengths, have hemochromogen — 
properties that differ from those of the native material or fraction I, and clearly 
represent denatured or partially unfolded forms of the protein.2* The order 
in which these fractions move off the column is in fact the order in which all 
of the hemochromogen properties of these preparations vary, from those nearest — 
to native cytochrome c for those fractions eluted at cation concentrations near- 
est those that elute the native protein to those essentially indistinguishable 
from ordinary chemical hemochromogens for those fractions eluted at the high- 
est cation concentrations used.”6 27 

It was moreover shown that the original acid extraction step was responsible 
for the presence of the fractions II. Prolonging the acid extraction increases 
the yield of fraction IT, while the use of neutral salt extractions diminishes its 
amount to the vanishing point,'* without decreasing the total yield of cyto- 
chrome c.” Fraction I can readily be transformed into a mixture of fractions 
II by treatment with acids'* or organic solvents such as ethanol and acetone2” 
The yield of the various fractions II in such experiments depends on the extent 
to which the denaturation procedures are applied.” Prolonged denaturation in. 
ethanol gives preparations that contain chiefly material eluted at concentrations 
of 1.0 gm. ion/I., while milder treatments result mainly in materials which can 
be eluted at about 0.5 gm. ion/l. Ficure 1 shows a chromatogram of a mildly 
denatured total fraction I, the elution being performed under a linear sodium 
ion concentration gradient. Each individual subfraction IT can be denoted by 
the cation concentration at which its chromatographic peak appears under such 
conditions. When subfraction IIo.s , for example, is rechromatographed using 
a 0.5 gm. ion/I. solvent it runs as a homogeneous substance of fixed chromato- 
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graphic properties and can readily be separated from the contaminant adjoin- 
ing fractions as seen in FIGURE 2. 

It should however be noted that more recent evidence indicates that even 
those preparations eluted at 0.25 gm. ion/]. may contain a small proportion of 
partially denatured material. Morrison et al. have found that such fractions I 
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FicurE 1. Chromatography on Amberlite IRC-50 of a mildly ethanol denatured horse 
Be come C. arcu alopiantic fraction I was kept in 66 per cent ethanol for 1 hour 
: room temperature; the total fraction II formed was separated by chromatography and re- 
atographed at pH 7.0 (0.02 M phosphate buffer) under a linear {Nat gradient (NaCl). 
The total [Nat] was determined in the effluent fractions by flame photometry (dashed line, 
rdinate on the left). ‘The solid line represents the concentration of cytochrome ¢ in the frac- 
ions (optical density at 550 my, reduced form; ordinate on the right). The heavy lines above 
1e abscissa indicate the fractions pooled, Amberlite IRC-SO (200-400 mesh) Sagi in 
lat form: 3.8 X 150 cm. 3.0 gm. of fraction II was applied. Flow rate: 150 ml./hour; 


en perature, 4° C.; 15.5 ml. fractions were collected. 


734 Annals New York Academy of Sciences 


separated from acid extracted preparations of the protein have slightly lower 
enzymic activities than similar fractions made from salt extracted preparations. 

An entirely different type of modified cytochrome c 1s obtained when de- 
naturation is carried out in alkali. This process is accompanied by the loss 
of amide groups from the protein and results in a material that is not adsorbed 
onto Amberlite IRC-50 under the usual conditions.” Occasionally such 
products are formed on the cation exchanger columns when the resin has not 
been properly equilibrated with the eluting buffer or when chromatography is 
carried out at pH 9 and above.” 
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Ficure 2. Rechromatography of subfraction IIy.; on Amberlite IRC-50. The conditions 
were the same as in FIGURE 1 except that the flow rate was 60 ml./hour and the eluting solu- 
tion contained a [Na*] of 0.495 gm. ion/l. At the arrow this solution was changed to one of 
0.600 gm. ion/l. Nat. About 65 per cent of fraction Ilp.5 collected in the chromatography 
shown in FIGURE 1 was applied. : 


To complicate the chromatographic picture further cytochrome c in the 
reduced form, which has one positive charge less than the oxidized form, will 
readily separate from the latter.'*:!_ To avoid such complications, particularly 
since impurities in the resins often result in a certain degree of reduction of 
the protein on the column,'* it is advisable to add a small amount of an oxidiz- 
ing agent such as potassium ferricyamide to the eluting solutions.’ 

In conclusion, the chromatographic evidence indicates that preparations of 
cytochrome ¢ contain a single native form of the protein that is presumably 
the one occurring im vivo. The other chromatographic forms observed represent 
variously denatured materials that are artifacts of the preparation. An 
essentially similar conclusion was reached by Yamanaka et al.” on the basis of 


a study of some properties of native and modified cytochrome c from various 
mammalian sources. ; 
} 
; 
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Low Temperature Spectra 


Keilin and Hartree* first observed that when cytochrome c is cooled to the 
temperature of liquid nitrogen in a water-glycerol medium, the characteristic 
a and § absorption bands of the reduced hemochromogen are sharpened, in- 
tensified and split into several components. More recently Estabrook®! 2 has 
recorded spectrophotometrically the low temperature spectra of a variety of 
cytochromes c showing that the a band is split into three satellite bands®° and 
the 6 band into nine. This phenomenon could be taken to indicate the exist- 
ence of more than one type of hemochromogen in the preparations and thus, 
presumably, more than one molecular form of the protein. 

However, an examination of increasingly acid-denatured chromatographic 
fractions of horse heart cytochrome c reveals that the characteristic splitting 
of the absorption bands becomes less and less distinct as the degree of dis- 
organization of the native structure is more pronounced.” A cytochrome c 
“hemopeptide” obtained by digestion with pepsin and containing the heme with 
only 11 adjacent amino acids** > as well as alkaline denatured cytochrome c 

both show a single symmetrical a band. It is therefore probable that the 
multiple a bands of the low-temperature spectra do not represent several 
molecular species but are rather due to the resolution of vibrational components 
of the electronic transition resulting in the a band and that, moreover, the 
absorption bands are profoundly influenced by the conformation of the pro- 
tein.” That the conformation of the protein has a determining influence on 
the reactivity of the cytochrome c hemochromogen was already indicated by 
the studies cited above on the properties of denatured chromatographic frac- 
tions.”® 

Of the five cytochromes c, the low temperature spectra of which were in- 
vestigated by Estabrook,” yeast cytochrome c is the only one that-does not 

‘show the fine structure of the a band. Ina number of other respects crystal- 

line yeast cytochrome c has been shown to have the characteristics of denatured 
forms of other cytochromes c; it travels on cation exchanger columns at the 
high solvent cation concentrations required to elute denatured mammalian 
cytochromes c** although its amino acid composition is very similar to that of 
the beef or horse heart proteins;*”** moreover yeast cytochrome c is more read- 
ily digested by proteolytic enzymes than even denatured beef heart cytochrome 
_¢ whereas the native forms of other cytochromes ¢ are distinctly more resistant 
“to proteolytic digestion than the corresponding denatured proteins.” The 

various chromatographic fractions reported in preparations of yeast cytochrome 
7 most probably correspond to various degrees of denaturation of the 
protein, but whether the crystalline preparations already represent a protein 
“differing in conformation from the native material as it is present in the cell 
cannot be decided. On the other hand all these peculiarities could be due to a 
different hemochromogen structure in yeast cytochrome ¢ as compared to the 
other cytochromes c of the mammalian type. Indeed, as discussed below, 

not only does the conformation of the protein affect the properties of the 
hemochromogen but, conversely, the state of oxidation or reduction of the 
hemochromogen has distinct effects on properties that can be“ascribed only 
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to the protein. In this respect it is interesting to note that the peptide chains 
of yeast and silkworm cytochrome c both contain an arginyl residue adjacent 
to one of the two cysteinyl residues that are bonded to the heme through thio- 
ether links, replacing a lysine found in the same position in other cytochromes 
c40 As far as we are aware the low temperature spectrum of silkworm cyto- — 
chrome c has not been examined so that the probability of the suggested cor- 
relation cannot be judged at present. 


Electrophoresis 


Clear-cut evidence for the inhomogeneity of cytochrome c preparations has 
come from a study by Paléus and Theorell* of the electrophoretic behavior of 
crystalline beef heart cytochrome c. The protein crystallized by two somewhat 
different procedures separated into three fractions. The main fraction crys- | 
tallized more easily than the original material. The enzymic and chemical 
hemochromogen properties, the low temperature spectra and the possible 
relationships of these fractions to the usual chromatographic fractions already 
discussed have not been studied. It is therefore not possible to decide whether 
the multiple electrophoretic species represent true im vivo variants of the 
protein or are simply conformational variants resulting from the preparation 
procedures. 


The Isolation of More Than One Hemin from Cytochrome c 


When hematohemin is prepared from a chromatographically purified cyto- 
chrome c by the silver salt procedure of Paul,” which splits the two thioether 
bonds binding the heme to the peptide chain,* the resulting material contains © 
at least two components” “4-46 that can be separated either by column or paper © 
chromatography. The silver salt procedure involves rather drastic conditions 
of acidity and temperature and could conceivably result in oxidation or, even — 
more likely, in isomerization reactions leading to either a or 6 attachment of 
the hydroxyl groups in one or both of the appropriate hematohemin side chains. 
In cytochrome ¢ the sulfur atoms of the two thioether bridges are almos 
certainly attached to the a carbon of the vinyl protoporphyrin side chains. ol 
Since the exact structure of the hematohemin fractions is unknown and the 
splitting of thioether links by silver salts has not been studied on the appro- 
priate model synthetic cytochrome c heme as regards the possible yield of 
more than one hematohemin fraction, it cannot be decided whether these 
experiments do in fact show the existence of more than one molecular form in| 
the original preparation of the protein. It should be noted that two hemato- 
hemin fractions can be obtained whether a native or denatured cytochrome ¢ 
is used.” 


Chromatographic Fractions and the Relation of Hemochromogen Properties 
to Protein Conformation 


The demonstration that the various chromatographic species of cytochrome C 
separated on cation exchanger columns were conformational variants of the 
native molecule has provided a useful tool for studying the relationships exist 
ing between the structure of the protein and the properties of the active site. _ 
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Ti one assumes that the separation of the various species under the appro- 
priate chromatographic conditions discussed above is due solely to ion exchange 
phenomena it follows that those fractions that are eluted at cation concen- 
trations higher than those required for the native protein contain a larger 
number of reactive basic groups than the native protein, indicating various 
degrees of disorganization or “unfolding” of the molecule. It should be noted 
that all the fractions II contain the full complement of amino acids present in 
native cytochrome c. 

The properties of the active site of cytochrome c are not those of an ordinary 
chemical hemochromogen but are abnormal. Thus the spectrum of the 
ferro form is not pH-dependent over a wide range extending to far below the 
pK’ ‘of the possible basic groups involved in hemochromogen formation; the 

heme in the native protein is not autooxidizable and does not react with carbon 
monoxide, and cytochrome c reacts with appropriate enzyme systems of the 
terminal oxidation chain. These and other specific properties that distinguish 
cytochrome c from simple chemical hemochromogens have been interpreted in 
terms of a “crevice” structure of the protein in which the heme is inbedded and 
tightly held.*° George and Lyster*® have defined the requirements of such a 
erevice structure and the physicochemical parameters affected by its presence. 

Since the degree of disorganization of the native structure reflected in the 
number of basic groups available for reaction with cation exchangers is in 
direct proportion to the extent in which the properties of the active site differ 
from those of the native protein and approximate those of a simple hemochromo- 
gen, it appears reasonable to conclude that it is the entire native configura- 

tion of the protein that imparts to the active site its peculiar properties by 
maintaining the structural integrity of the crevice. Disturbances of the native 
conformation appear to have quantitative rather than qualitative effects on 
the rigidity of this structure. Partially unfolded molecules have partial 
enzymic activities and the whole spectrum of properties described above. 

There is however one possible fallacy in this argument that should be made 

clear. The denatured fractions II separated thus far do not necessarily 
_ represent preparations of unimolecular species but are most probably statistical 
mixtures of molecules having the same range of reactive cationic sites. Thus 
if one were to assume, in opposition to the conclusion presented above, that a 
“single small area in the protein is entirely responsible for the properties of the 
“erevice, it is possible that each of the denatured chromatographic fractions 
‘contains a proportion of molecules disorganized in this particular area in 
“exact proportion to the amount of disorganization in other areas of the protein. 
Such a situation is unlikely in view of the fixed chromatographic characteristics 
“of the various fractions II under a fairly wide range of conditions and the 
grossly nonuniform distribution of basic residues in the amino acid sequence 
of the protein." Whatever the nature of the bonds holding together the native: 
configuration of the protein the breakage of each one must entail the opening 
r disorganization of a particular area of the protein. It is also not probable 
hat many such structural interfold stabilizing bonds in the center of the 
ucture could be broken without having bonds on the outside-of the struc- 
e or the ends of the peptide chain also opened. hus since the basic residues 
e unequally distributed along the chain,” the results discussed above on the 
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relation of the degree of denaturation to the properties of the hemochromogen 
in cytochrome c would be unlikely if a small area of the protein were alone 
responsible for the integrity of the crevice and the abnormal hemochromogen 
properties. 

Not only is the conformation of the protein important in maintaining the 
peculiar properties of the hemochromogen but, conversely, the state of oxida- 
tion or reduction of the hemochromogen affects the properties of the protein. 
This remarkable phenomenon has long been known from the studies of Jonxis® 
who in 1939 demonstrated that ferri-cytochrome c spreads more rapidly into a 
monomolecular layer than reduced cytochrome ¢ at a water-air interface. 
More recently Nozaki et al.”°*®.*.54 have found that reduced cytochrome ¢ 
is more slowly digested by proteolytic enzymes than the oxidized form. Ferro- 
cytochrome ¢ also displays different crystal forms from those of ferricytochrome — 
c7112,14 and is probably more compact than the latter. 

The conclusion as to the requirement of at least a large proportion of the 
native configuration of the protein for imparting to the cytochrome c hemo- 
chromogen its specific properties appears well founded as far as the available 
evidence indicates. That the total complement of amino acids is nevertheless 
not required was shown by Titani e¢ al.,*° since a digestion with carboxypep- 
tidase that probably removed the last four amino acids C-terminal to a lysyl- 
lysyl sequence® did not have any measurable effect on the enzymic properties 
of the protein. The exact influence of various portions of the native structure 
on the properties of the active site, however, will be established only when 
preparations of unimolecular species of denatured cytochrome ¢ become avail- 
able and are chemically defined as to which particular disorganized areas they 
contain. A complication in the interpretation of the properties of the de- 
natured fractions comes from the demonstration of Nozaki*® that thoroughly 
acid denatured preparations of cytochrome c¢ exist in solution as dimers. 
The importance of this observation with regard to the above conclusion cannot 
as yet be assessed. 

The properties of cytochrome ¢ discussed above refer only to its electron 
transfer or oxidoreduction functions. Preparations having intermediate ac- 
tivities with respect to this group of properties can readily be obtained. This 
does not appear to be the case with regard to the involvement of the protein 
in the oxidative phosphorylation reactions of mitochondrial preparations. 
Thus Morrison e¢ al.*” find that an acid denaturated cytochrome c, although 
it partly retained its ability to stimulate the oxidation of ascorbate by rat 


liver mitochondria, was completely incapable of sustaining oxidative phospho-- 
rylation. 


Conclusions and Summary 


The observations relevant to the possible existence of more than one molecu- 
lar form of the mammalian type of cytochrome c reviewed in this paper, have 
indeed shown the presence of relatively numerous molecular species in prep- 
arations of these proteins, whether amorphous or crystalline. In the case of 
the various fractions separable by cation exchanger chromatography a study 
of their properties has shown that they represent only conformational variants 
of an apparently single native structure arising as a result of preparative pro- 
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cedures. These fractions thus give no evidence of the existence of more than 
one molecular form of cytochrome c¢ in vivo in any single tissue. A similar 
conclusion can be drawn from the study of the low temperature spectra. In 
the other types of experiments discussed the properties or structure and mode 
of formation of the products have not been examined, so that it cannot be 
judged whether these observations do or do not indicate the existence of more 
than one natural molecular form of the protein. 

We feel that the case of cytochrome c, in so far as it has been worked out, 
provides a valuable example of one of the pitfalls attending the demonstration 
of the actual physiological occurrence of multiple molecular forms of one pro- 
tein, whether it has or does not have a known enzymic function. No single 
procedure of separation can give such proof, even if the experimental conditions 
are adequately controlled from the point of view of avoiding known artifacts. 
Tt is essential in every case to provide a clear-cut demonstration that the 
various postulated molecular forms either cannot conceivably or do not in 
fact arise one from the other as a result of the experimental procedures. Two 
types of such demonstrations appear to be unequivocal: in one, a definite 
structural difference, such as for example in the sequence of the amino acids, 
is shown to occur; in the other, the different molecular forms are proved to be 
products of separate biosynthetic pathways under independent genetic control. 
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NUCLEAR AND CYTOPLASMIC FACTORS DETERMINING 
THE SPECIES SPECIFICITY OF ENZYME 
PROTEINS IN ACETABULARIA* 


Konrad Keck 
Johns Hopkins University, Baltimore, Md. 


One of the most intriguing problems of modern biology is the nature of the 
nuclear control of protein synthesis and protein specificity in the cell. Most 
proteins are synthesized in the cytoplasm although the nucleus also seems to 
be capable of synthesizing some proteins. Recent biochemical work has char- 
acterized in cytoplasmic fractions a number of systems involved in the syn- 
thesis of proteins from amino acids. The ribosomes, small ribonucleoprotein 
particles, are thought to consititute the actual site for the assembly of protein 
molecules and to carry the “blue print”’ for protein structure. From genetic 
experiments evidence has emerged that the structure of many proteins is ul- 
timately determined by nuclear genes. In order to reconcile both these find- 
ings one has to postulate the existence of a system that is responsible for the 
transmittance of genetic information from nuclear genes to the synthetic sites 
in the cytoplasm. 
The rather complex problem of nucleocytoplasmic interactions has been 
approached experimentally in different ways. One of the most direct ap- 
proaches is the study of the synthetic capacities of a cell that has been deprived 
of its nucleus by means of microsurgery. Several metabolic processes can thus 
be examined with respect to the degree of their dependence upon the presence 
of a nucleus. Among the few organisms studied in this respect, the unicellular 
green alga Acetabularia occupies a prominent position. The large size of the 
cells makes handling and microsurgical operations relatively simple. Photo- 
synthesis and respiration continue at normal rates for a long time after enucle- 
ation! providing carbohydrates and energy-rich phosphates? for anabolic 
processes. 

It is now a well-established fact that enucleated plants of Acetabularia as 
well as certain stalk fragments are capable of synthesizing large amounts of 
protein*® involving chloroplast protein and other unspecified cytoplasmic 
‘proteins. Moreover, the activities of a number of enzymes investigated, 
namely aldolase,’ invertase, acid phosphatase,* and phosphorylase® were re- 
ported to increase anywhere between 40 per cent and 600 per cent after removal 
‘of the nucleus. Various enzymes differ in their response in that synthesis 
‘becomes impaired at different moments after enucleation, for example, after 
one week in the case of acid phosphatase. Prior to the period of inhibition 
the enzyme activities increase at almost parallel rates in enucleated algae and 
jn corresponding nucleate controls, if one takes into account the loss of some 
‘cytoplasm during the enucleation operation. It seems that certain unknown 
‘substances are used up during the synthesis of various proteins, substances 
that are replenished by the nucleus under normal conditions. The data ob- 
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tained with Acetabularia are thus in perfect agreement with Mazia’s Replace- 


ment Hypothesis.” 


In the present paper still another approach is described concerning the prob- — 


lem of nucleocytoplasmic interactions. As nuclear and cytoplasmic factors 
might be involved in expressing protein specificity, an attempt has been made 
to label them differentially by transplanting to an enucleated cytoplasm a 
species-foreign nucleus. In the resulting graft de novo activities of the cell 
nucleus might be recognizable independently of any genetic information stored 
in the cytoplasm, provided both species differed significantly in the structure 
of certain proteins. 

Species- and even tissue-specific multiple forms of enzymes (isozymes) have 
been detected in animal material after separation by starch-gel electrophore- 
sis.1 128 Because of the sensitivity and the great resolving power of these 
techniques it seemed of great advantage to make use of the specificity of cer- 
tain enzyme proteins, as analyzed by electrophoresis, and combine these tech- 
niques with nuclear transplantation experiments. Preliminary work with 
Acetabularia had revealed the existence of several species-specific forms of acid 
phosphatase that differed significantly in their electrophoretic mobilities in 
starch gel. Maximum differences were encountered between the species Acefa- 
bularia mediterranea and Acicularia Schenckti;@ since, furthermore, successful 
grafts between these two species have been reported in the literature, all in- 
vestigations described in the present paper are restricted to this plant material. 


Methods 


Starch-gel electrophoresis. Five to 10 algae were ground in small glass ho- 
mogenizers without the addition of any liquid. The material was transferred 
to a small piece of filter paper that was then inserted in the starch strip. When 
individual stalks were to be tested, one plant was placed on a small Lucite 
block and any residual culture medium removed by careful blotting with filter 


paper. The rhizoid was cut off and the contents of the stalk squeezed out. A | 


small drop was produced consisting of cytoplasm and cell sap. The material 
was adsorbed onto a 2 X 5-mm. large piece of filter paper and then inserted 
in the starch. The techniques described by Smithies!* for horizontal starch- 
gel electrophoresis were applied. Partially hydrolyzed starch was purchased* 
and the starch gel prepared with 0.05 M tris(hydroxymethyl)aminomethane 
buffer pH 8.7. The electrodes were separated from the starch strips by a 
baffle system, filled with 0.25 M Tris buffer of the same pH and bridged with 
filter paper strips soaked in buffer. The samples were run for 6 hours at room 


temperature (23° C.) in a voltage gradient of 3 V/cm. After the run the 6-mm.-_ 


thick starch strips were cut longitudinally into 4 slices; the inner 2 slices were 
marked and placed in a solution of 30 mg. of sodium alpha-naphthyl acid phos- 


phate and 300 mg. of Fast Blue BB in 100 ml. of 0.1 M acetate buffer pH 4.6. — 
The phosphatase bands were developed by overnight incubation in this mix- 


ture. 
Culture and handling of Acetabularia. Acetabularia mediterranea and Acicu- 


¢ 


4 
3 


laria Schenckii both were grown in Erdschreiber-Medium according to the 


* From Connaught Laboratories, Toronto, Que., Canada, 
} Both from Dajac Laboratories, Philadelphia, Pa. 
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methods described by Himmerling” and Beth.® In culture and during the 
experiments the plants were illuminated with 2500 lux (fluorescence lamps) in 
12-hour light-dark rhythms. The algae were dissected by means of fine scis- 
sors and grafts prepared by combining corresponding parts in telescopelike 
manner. After the operation the grafts were allowed to recover for 12 hours 
in diffuse light of low intensity. 


Results 


Both the species selected for transplantation experiments, namely Acetabu- 
laria mediterranea (med) and Acicularia Schenckii (acic) can be distinguished 


ACETABULARIA ACICULARIA 
MEDI TERRANEA SCHENCKIT 
( MED ) ( ACIC ) 


Ficure 1. Schematic illustration of the morphological traits of Acetabularia mediterranea 
(med) and Acicularia Schenckii (acic), both with full-grown caps. 


morphologically by the structure of their caps; the rhizoids also differ charac- 
teristically in shape (FIGURE 1), a trait that is of great value for the identifica- 
tion of the components of certain multinucleate grafts to be described later. 
When crude homogenates of either species were subjected to starch-gel elec- 
trophoresis all the acid phosphatase, as detected histochemically, was found 
to be localized in one band. The acic and med phosphatase differed from each 
other, however, in that the mobility of the med-type enzyme was significantly 
greater than the mobility of the acic-type enzyme. The species-specific mo- 
bilities of both phosphatase types are retained in a mixture of corresponding 
‘homogenates (FIGURE 2). The width as well as the intensity of both the bands 
appear about equal when comparable preparations are examined. 
_ During early stages of normal development of the algae (10 to 30 mm. long) 
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acid phosphatase activity. increases at a steady rate almost parallel to the in- 
crease in the protein content. In later stages, when caps begin to form, both 


acid phosphatase activity and total protein rise at a higher rate (FIGURE 3). — 


During the period of growth and morphogenesis no change could be observed 
in the electrophoretic mobilities of either type of acid phosphatase. 

Acid phosphatase synthesis continues in stalks of 30 mm.-long algae for 
approximately 1 week after enucleation. The enzyme activity rises to more 
than twice the original value during this period (FIGURE 4). Experimental 
data support the tacitly made assumption that in Acetabularia an increase in 
phosphatase activity reflects a corresponding net synthesis of enzyme protein. 
The already described parallel behavior of enzyme activity and the total con- 
tent of protein during the normal development of Acefabularia suggests a net 


oa) ACIC 
MED 


of 


Ficurr 2. Diagrammatic representation of zymograms demonstrating the difference in 
the electrophoretic mobility of med-type and acic-type phosphatase (left) and the retention of 
species-specific mobilities in a mixture of both homogenates when compared to the individual 
components (right). 


synthesis of enzyme protein; the observation that in the dark both enzyme 


activity and protein content remain essentially constant also support the idea 
that enzyme activity reflects net synthesis of an enzyme protein. It could be 
argued, however, that the enzyme protein synthesized in the absence of the 
nucleus, although functional, may have suffered some structural changes. In 
order to test this possibility, med and acic plants of the proper size were rhizoid- 
amputated, and the remaining stalks were examined for phosphatase mobilities 


after various periods of time extending up to 25 days following the enucleation. © 
In all the material examined only the species-characteristic phosphatase types — 


could be detected as represented by bands of normal width and position (F1c- 
URE 5). These results indicate that the anucleate cytoplasm is capable of 
synthesizing not only functionally normal proteins but also structurally normal 


ones, since it has been reported that even minute differences in the structure — 


of certain proteins result in significant alterations in electrophoretic mobil- 


| 
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Ficure 3. Increase in acid phosphatase activity and in protein content of Acetabularia 
mediterranea during normal development. 
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Ficure 4. Changes in the activity of acid phosphatase in rhizoid amputated 30 mm. long 
med plants (E) as compared to nucleate controls (N). Enucleation was carried out at time 
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ity.%21 The observed stability of each phosphatase type in corresponding 
anucleate plants not only bears on the capacities of the cytoplasm per se, but 
also serves as a background against which de novo activities of an implanted 
species-foreign nucleus could be detected. 

In Acetabularia interspecific nuclear transplantation is carried out by graft- 
ing the nucleus containing rhizoid of one species onto an enucleated stalk of 
another species. Inherent to this procedure, nuclear transplantation is always 
accompanied by the transfer of a small amount of cytoplasm that is carried 
over with the rhizoid into the recipient plant. Generally the stalks only of 
such grafts were examined in starch-gel electrophoresis. The remaining rhi- 
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Ficure 5. Diagram illustrating the stability in enucleated algae of both types of phos- ' 
phatase (bands filled in with black). The outlined bands to the right indicate the nositiol of 


bands which were obtained from a mixture of med and acic homogenates, which was included 
in every run to serve as reference. 


MED 
—0o 


ACIC 
° 


zoids were collected and tested for their regenerative capacities. Successful 
regeneration of a new stalk confirmed the original presence in the rhizoid of a_ 
nucleus and its survival in the graft. 

In the first series of experiments med nuclei were transplanted to acic stalks 
yielding acico-med, interspecific grafts. One group of such grafts was tested 
on the following day, another group cultured for 15 days and was then tested. 
One-day-old grafts contained the original acid-type phosphatase as the only © 
recognizable component. No trace of an acic-type enzyme was detected in 
zymograms of 15-day-old grafts; instead the med-type phosphatase was observed 
as the only component (FIGURE 6). The synthesis in these grafts of an enzyme 
of the nucleus donor type is not difficult to understand; rather surprising, how- _ 
ever, is the complete disappearance of the enzyme type originally present in 
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the cytoplasm. The absence of its own nucleus could not have caused this 
effect, since we already have seen that in anucleate acic plants the acic-type 
phosphatase can be detected in undiminished intensity as late as 25 days after 
the enucleation. 

The observed effect may be explained in several ways. First, insertion of 
the species-foreign nucleus may have caused inactivation or even degradation 
of the pre-existing enzyme in addition to an independent net synthesis of med- 
type phosphatase. One could also imagine that, after enucleation, the level 
of phosphatase activity is the result of two processes: a rapid, spontaneous de- 
cay, compensated by a synthesis of new molecules. An implanted foreign 
nucleus could conceivably take over the synthetic sites of the cytoplasm, hence 
the prevailing process of degradation would result in the loss of the original 
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Ficure 6. Diagrammatic representation of nuclear transplantation experiments. Top 
LOW: @ci¢o-med,. Bottom row: acici-medy . 


enzyme type. As a third alternative, one could envision a direct conversion 
on the molecular level of one enzyme type into the other type. 

It was interesting to find that an analogous conversion of enzyme types did 
not occur in reciprocal grafts obtained by transplanting acic rhizoids to med 
stalks (acic;-medy). After 1 day, and also after 25 days, only the med-type 
enzyme was detected in the stalks of such grafts (FIGURE 6). 

“Interspecific grafts of the first described type, viz. acico-med, were reinves- 
tigated in greater detail in the hope of finding a clue as to which of the above 
considered mechanisms might be responsible for the observed effects. Acico- 
med, grafts were examined at one-day intervals after rhizoid implantation. 
Individual stalks and homogenates from several stalks both were tested. The 
acic-type phosphatase originally present in the stalks is maintained as sole 
component for two days following the operation. On the third day the med- 
type phosphatase appears in the form of a faint additional band. About the 
fourth day the med band has gained in intensity so that both bands appear 
equally dark. The acic band is reduced in intensity on the fifth day and can- 
not be detected after the sixth day (FIGURE 7). 
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Occasionally, in preparations from 3- to 5-day-old grafts, a band was observed — 
that did not correspond to a med or an acic band with respect to its position — 
in the starch strips. The new band was located halfway between the two refer- 
ence bands and was significantly wider than either of the two bands (FIGURE 7). 

In view of these findings let us reconsider the previously suggested mech- 
anisms. An inactivation or degradation of the cytoplasmic (acic-type) phos- 
phatase, as initiated by the foreign nucleus, would require rather specific agents, 
since it would depend on a discrimination between both enzyme types. This 
seems highly unlikely. The second possibility—inhibition of acic enzyme 
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Figure 7. Schematic illustration of the change in enz 
; ¢ yme types as a result of nuclear 
transplantation (acico-med,) when analyzed at one-day intervals. r 


synthesis and the disappearance of this enzyme as a consequence of a high rate 
of spontaneous decay—can be dismissed on the grounds that in Acetabularia 
the phosphatase activity remains fairly constant under conditions where pro- . 
tein synthesis is strongly impaired. On the basis of the experimental data 
the third postulated mechanism is the most likely, namely a conversion on the 
molecular level of one enzyme type into the other. Not only does the timely 
coincidence of the two processes—appearance of the med enzyme and disap- 
pearance of the acic enzyme—point in this direction. The existence in certain 
grafts of a stage during which all acid phosphatase activity is localized in a 
new, intermediate-type band also supports this view. 
The apparent incapacity of an acic nucleus to change to its specifications thal 
phosphatase type after transplantation to a med cytoplasm needed further 
; 
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investigation. It was felt that the med cytoplasm might be lacking factors 
necessary for the foreign nucleus to express its genetic information. Hence 
a combination was examined of a med and an acic nucleus in a common hybrid 
cytoplasm of a stalk which had been regenerated under the control of both 
nuclei (acic;-med;). The electrophoretic analysis revealed that also in acic,- 
med, plants only the med-type enzyme was synthesized (FIGURE 8). The same 
enzyme type was found in stalks that had been dissected from the binucleate 
plants and maintained in culture for 15 days. Although the acic nucleus did 
not contribute to the hybrid cytoplasm any information with respect to the 
phosphatase type synthesized, other activities of this nucleus became quite 


ACIC ~MED, 


SSS 
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FricurE 8. Schematic representation of the microsurgical operations necessary for the 
preparation of acic,-med, binucleate, and acic2-med, trinucleate algae, as well as representation 
of the phosphatase types found in the stalks of these multinucleate grafts. 


obvious. For example, the caps grown by binucleate plants were very similar 
in their form to pure acic caps. 

When an additional acic nucleus is grafted to the acicy-med, system, a tri- 
nucleate acico-med, plant is obtained. This nuclear combination gave ambigu- 
ous results. In some of the trinucleate plants only the med-type phosphatase 
was found, in others a characteristically wide, intermediate band could be ob- 
served in the starch strips, which appeared to be identical to the one observed 
after nuclear transplantation (FIGURE 8). Here, however, the new enzyme 
type seemed to be a stable component rather than a transient type of short 

uration, as found during the conversion of phosphatase types. Z 

_ In another experiment a number of fully regenerated binucleate aCic;-med, 
algae were set aside and the med-nucleus removed by amputation of the cor- 
responding rhizoid (FIcuRE 9). The algae thus obtained consisted of an acic 


750 Annals New York Academy of Sciences 


nucleus combined with a hybrid cytoplasm. The possibility was to be tested 
whether an acic nucleus was able to induce the formation of its own enzyme 
type in a cytoplasm of mixed composition. Algae prepared in this manner 
were kept in culture for 15 days; the stalks were then removed and tested. 
The negative results of this experiment—persistence of the med-type enzyme— 
indicated that the presence of a med component per se in the cytoplasm was 
sufficient to cancel out any possible influence on the enzyme type by the acic 
nucleus. 


ACIC. “MED, 
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FicurE 9. Top row: experimental procedures applied to test the capacity of an acic nu- 
cleus to change the phosphatase type in a hybrid cytoplasm. Bottom row: schematic illus- ' 
tration of an experiment testing the persistency of med traits in a hybrid cytoplasm by sepa- 
rate regeneration of the med and acic rhizoids from an acic,-med, binucleate plant. 


The unlimited capacity of rhizoids to regenerate a whole plant offered the 
possibility of examining the degree of persistency of the med component in the — 
cytoplasm. Again acic;-med, binucleate plants were prepared; after full re- 
generation the acic and med rhizoids were removed by dissection and maintained 
in culture. The acic rhizoids gave rise to plants which could not be distin- _ 
guished morphologically from normal acic plants. When examined in starch 
gel electrophoresis, however, the presence of a med trait was indicated by the | 
frequent appearance of med-type phosphatase bands or intermediate-type 
bands in the starch strips (FIGURE 9). This is even more remarkable since 
only a very small quantity of hybrid cytoplasm was originally present in the 
rhizoids, which had been greatly diluted during the ensuing process of regenera- 
tion by presumably pure acic cytoplasm. The med traits disappeared, however, 
when the rhizoids from such algae were subjected to a second regeneration. : 

i 
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Conclusions 


The data presented in this paper strongly imply that in Acetabularia a pre- 
existing species-specific enzyme protein can be structurally modified by trans- 
planted nuclear or cytoplasmic factors from another species. The process of 
modification is probably genetically controlled since the protein product seems 
to be identical to the corresponding enzyme protein of the inducer species. 

The finding of a wide, intermediate type phosphatase band supports the 
postulated mechanism of molecular conversion and suggests that a heterogene- 
ous population of intermediate-type phosphatase molecules has arisen: the 
excessive width of the band being due to the microheterogeneity within the 
population, and the intermediate position of the band being due to a major 
step in the conversion. 

Both species investigated differ in their capacity to determine the phospha- 
tase type in interspecific combinations. Any med component—nucleus or cyto- 
plasm—present in an interspecific graft will invariably dominate over the acic 
component in that only med-type enzyme is produced. One might wonder 
whether the ‘“‘dominant”’ med-type enzyme is not a more advanced stage of the 
acic-type, particularly if one assumes that both types of molecules have in com- 
mon a basic structural design. On this hypothesis the acic-type enzyme would 
be a natural precursor of the med enzyme, even in med plants. The intermedi- 
ate-type protein, as found in certain interspecific grafts, probably represents one 
of the last steps in the biosynthesis; the intermediate form need not necessarily 
be detectable in normal med plants since under normal conditions very little 
protein will be in transient stages at any given moment. 

The capacity to induce or maintain the med-type phosphatase remains effec- 
tive even after great dilution of the cytoplasm which carries this factor. Even- 
tually, however, the factor is lost after repeated regeneration of such plants. 
Whether or not the responsible units undergo a replication in the host cytoplasm 
is difficult to decide. At any rate, the tenacious retention of such factors in the 
eytoplasm confirms previous findings of high synthetic capacities of the anucle- 
ate cytoplasm. 
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GENETIC CONTROL OF THE ESTERASES IN THE PROTOZOAN 
TETRAHYMENA PYRIFORMIS* 


Sally Lyman Allen 
Zoology Department, University of Michigan, Ann Arbor, Mich, 


Two years ago Markert and Moller (1959) introduced the concept of an 
isozyme, which they defined as one of the different molecular forms of an enzyme. 
They proposed that each isozyme could be controlled by a separate gene or 
that an isozymic series could be controlled by a single gene. Essentially the 
problem centers on the way in which genes control a protein: how a protein is 
made-and how it is modified in structure and function under the influence of 
genotypic and microecological factors. According to the present genetic dogma 
the deoxyribose nucleic acid (DNA) code is translated into a ribose nucleic 
acid (RNA) code which specifies the sequence of amino acids in a polypeptide 
(see Watson, 1960; Ingram, 1960; Spiegelman, 1960). These sequences 
automatically determine the secondary and tertiary structures of a protein. 
Analysis of the genetic control of an isozyme would, therefore, further our 
understanding of these relationships. : 

Tetrahymena pyriformis possesses several different esterases, some of which 
form an isozymic series (Allen, 1960a). Although this study suggested that 
the series might be under the control of a single locus, only recently has a 
definitive answer been obtained. This report will present these observations 
and also evidence for the genetic control of other members of the family of 
esterases. The behavior of the isozymes in heterozygotes suggests that they 
are also under epigenetic control (Nanney, 1958) and that the pattern of 
nuclear differentiation and vegetative assortment is probably similar to that 
observed for other loci in this organism. 


Materials and Methods 


A detailed description of the materials and some of the methods employed 
in this study was given in an earlier report (Allen, 1960a). Representatives of 
four of the inbred strains, A, B, C and D, of variety 1 of T. pyriformis were 
sampled for their esterases. In the present study two of these strains, B and C, 
served as the source of the parental cultures used in making crosses. They 
are now in the 11th and 10th generations of inbreeding, respectively. The 
origins of these strains were described by Nanney (1959). 

All crosses were made from cultures grown on 1 per cent proteose-peptone 
at 30° C. using sterile technique. The crosses were made in sterile glass-dis- 
tilled water, and the mating pairs were separately isolated into depression 
slides containing peptone. In some crosses the exconjugants were separated. 
The culture that developed was tubed up in peptone, and after the plateau 
phase of growth had been reached, it was transferred to 250 ml. Erlenmeyer 
flasks with 100 ml. of peptone, adjusted to pH 7.0. Extracts were made after 
> days of growth (plateau) at 30° C. However, before any culture was used, 
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the pair giving rise to it was carefully screened for immaturity, a sign that 
conjugation has been completed in the pair. Only immature cultures were used. 

Crude extracts of concentrated cells from 100 ml. of culture were prepared 
by repeated freeze-thawing. In a few experiments preparations of cilia from 
cultures of strains B and C were made according to the method outlined by 
Preer and Preer (1959, p. 90). The cilia preparations were also frozen-thawed. 

The electrophoretic separations were carried out in starch gels using a borate 
buffer system at pH 7.5 except in a few experiments in which a pH of 8.5 or 
9.5 was used. The application of the zymogram technique (Hunter and 
Markert, 1957) to T. pyriformis was described earlier (Allen, 1960a). For 
histochemical determinations a-naphthyl acetate, 6-naphthyl acetate, a- 
naphthyl propionate, and a-naphthy! butyrate were used as substrates, and the 
stable diazotate of 4’-amino-2’ ,5’-dimethoxybenzanilide (Fast Blue RR)* was 
used as dye-coupler. In some experiments starch strips were preincubated in 
eserine sulfate, at a final concentration of 10-*M. The substrates, a-naphthyl 
propionate and a-naphthyl butyrate, only, were used for the identification of 
the E-1 and E-2 esterases in the progeny of crosses. For facilitating the identi- 
fication of the E-1 esterases one of the starch strips was exposed to a reaction 
mixture containing a-naphthyl propionate, Fast Blue RR, and sodium tauro- 
cholate, at a final concentration of 10-? M. After 3 to 4 hours of incubation 
in the reaction mixtures, the starch strips were removed and photographed with 
a Polaroid Land camera. In a few experiments the intensity of staining of 
the E-1 esterases was measured directly from starch strips (using starch poured 
1 hour before use) with a modified Photovolt Densitometer.t 

The localization studies were performed on air-dried preparations on clean 
slides. No fixatives and no egg albumin were used, since they were found to 
destroy the patterns of localization. The same histochemical reagents used 
above were also used here, except that the stable diazotate of o-dianisidine 
(Fast Blue BN)f{ was used as dye-coupler. The slides were incubated in 
the reaction mixtures for varying lengths of time, but the optimum incubation — 
time was 35 min. The slides then were rinsed in distilled water and mounted © 
in 1 per cent glycerine jelly. j 


The Esterases of Variety 1 T. pyriformis 


The proteins of variety 1 of T. pyriformis can be resolved into a number of 
zones having esterase activity (FIGURE 1). These zones can be separated into 
two classes on the basis of substrate specificity and reaction to eserine sulfate - 
and sodium taurocholate. At a pH of 7.5 during the electrophoretic separa- 
tion the class I esterases include two groups of isozymes: the B group with four _ 
to five isozymes, which migrates towards the cathode, and the C group with — 
four isozymes, which migrates towards the anode. At pH 8.5 and 9.5 each 
group contains a pair of isozymes (FIGURE 2). The B group is found in several _ 
inbred strains (A, B, and D) while the C group is limited to strain C (FIGURE 
3). The class I esterases are inhibited by 10-4 M eserine sulfate and activated _ 
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by 10° M sodium taurocholate (FIGURE 4). They split a-naphthyl propionate, 
a-naphthyl acetate and B-naphthyl acetate, in order of efficiency, but split 
a-naphthyl butyrate very poorly, if at all (FicuRE 5). Visual inspection 
shows that the activation by taurocholate depends upon the substrate present. 
The order of activation was the following: propionate >> butyrate > a-acetate 
> f-acetate. The class I esterases will be referred to hereafter as the E-1 
esterases. 


CHARACTERIZATION OF ESTERASES IN T. PYRIFORMIS, VARIETY 1 
ALLESTERASES CLASS T CLASS II 
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Ficure 1. Diagram of esterases in variety 1 of T. pyriformis. 


The class II esterases are a family of different enzymes, whose substrate 
preferences are indicated on the right of FIGURE 1. Two of these esterases at 
zones 4 and 8 only split a-naphthyl butyrate. They show strain differences, 
the esterase at zone 8 being found in strain B and the esterase at zone 4 being 
found in strain C.: Electrophoretic separation at pH 8.5 shows little change in 
Position over separation at pH 7.5 (FIGURE 6). Hereafter, these two esterases 
will be referred to as the E-2 esterases. 

The E-1 esterases are of considerable interest since they are made up of an 
isozymic series. An earlier report (Allen, 19602) showed that all members of 
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FicurE 2. Effect of pH on migration of E-1 esterases (B on left, C preparation on right 
of same starch columns). Substrate: a-naphthyl propionate. Incubated 2 hours. / 

FicureE 3. B and C groups of E-1 esterases in four inbred strains. Substrate: a-naphthyl 
propionate with sodium taurocholate. Incubated 4 hours. 


iGuRE 4. Inhibition and activation of E-1 esterases (B on left, C on right) with o-naph- 
thyl propionate as substrate. Incubated 3 hours. 


: FicuRE 5. Substrate specificities of E-1 esterases (B on left, C on right). Incubated 4 
ours. 
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an isozymic group are present in a single cell as determined by clonal analysis. 
Also, all members are present under a variety of growth conditions, but they 
differ in their intensity of activity. If cells are starved preparatory for mating, 
the activities of the anodal isozymes in each group are enhanced. If cells 
are grown at 16° C. for one to three weeks, then the activities of the cathodal 
isozymes in each group are enhanced. This pattern is also observed in the 
heterozygote (which contains both groups) and occurs in each group of iso- 
zymes. If cultures are grown for progressively longer periods of time before 
extractions are made, a complex sequence of activities is observed in each 
group as a function of the growth cycle. 

Preliminary studies suggest that isozymic activities may also vary in dif- 
ferent parts of the cell, although some difficulty in precise definition may be 
anticipated depending upon the degree of solubility of these esterases. Cilia 
preparations have a different pattern of activities than extracts of the whole cell 
(FIGURE 7). Although the difference is only quantitative in these prepara- 
tions, one isozyme in each group appears to be greatly enhanced. In a 
closely related ciliate (Tetrahymena geleii S), Seaman (1951) demonstrated a 
specific acetylcholinesterase associated with the fibrillar system of the pelli- 
cle. Thus cell fractionation procedures may prove very useful in defining 
the different isozymes. With further refinement of these techniques and 
extension of this type of analysis to include many more cell fractions it may 
even be possible to achieve qualitative differentiation of the isozymes. 

An attempt to find different patterns of intracellular localization using 
whole cells will not be fruitful in view of the failure to differentiate the esterases 
as to class or strain, using the localization techniques (Allen, 1958). -However, 
striking but similar differences in pattern were observed in the ¢otal esterase 
picture of all strains during the course of the growth cycle. These observations 
may be pertinent in the present context, since they do demonstrate significant 
shifts in site of activity within the cell. During the logarithmic phase of the 
srowth cycle the localizations are confined to discrete “vesicles” ina perinuclear 
position (FIGURE 8) and, in dividing cells, the perinuclear orientation is re- 
tained. The “‘cortex’”’ is poorly developed and lacks activity. The activity 
per cell is uniform within the cell population. When cells reach plateau the 
vesicles extend from the perinuclear position to the posterior of the cell (FIGURE 
)). The cortex is fully developed, very active, and has a characteristic ar- 
shitecture: from indentations in the cell membrane run “‘fibrillae” (these may 
‘epresent overlapping layers of cilia in a flattened preparation); they occur at 
‘egular intervals perpendicular to the cell surface. Below these indentations 
n the cell membrane, which is active enzymatically, are granules that are 
ulso active. If focussed on the surface of the cell, the pattern of activities is 
similar to silver-line preparations, which outline the kinetal system. Dipping 
he slides in ethanol removes the cortical structure entirely. During the 
stationary period the most active cells show a well-developed cortex, and the 
vesicles fill the cytoplasm of the cell (FIGURE 10). The cell population, how- 
syer, shows extreme variability both in cell size and activity, and these are 
-orrelated. ; 

_ These changes represent a complex of the activities of many different esterases, 
yet they demonstrate that certain sites within the cell are esterase-positive and 
‘ 
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Ficure 6. Effect of pH on migration of E-2 esterases (B on left, C on right). Substr. 
a-naphthyl butyrate. Incubated 2 hours. : 4 

Ficure 7. Comparison of cilia fractions with body fractions (B set on left, C set on right). . 
Compact pellet is labeled “bodies”; flocculent precipitate immediately above compact pellet [ 
is labeled “Heavy S”’; milky supernatant above is labeled “Cilia.”’ Substrate: a-naphthyl ' 
propionate with sodium taurocholate. Incubated 4 hours. 


Ficure 8. Intracellular localization of esterase activity during logarithmic phase of 
growth cycle. Substrate: a-naphthyl acetate. ><760. 


Ficure 9, Intracellular localization of esterase activity during plateau phase of growth 
cycle. Substrate: a-naphthyl acetate, X 760. 
Ficure 10. Intracellular localizatio 


n of esterase activity during stationary phase a 
growth cycle. Substrate: a-naphthyl acetate. 760, #- 
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that their activities change depending upon whether the cells are actively 
dividing or are merely growing in size. From these observations and the 
preliminary studies of cell fractions, it seems that a microtopological approach 
might be very helpful towards understanding the nature of an isozyme. It 
might even be possible to localize each isozyme of a group to a different cell 
structure. 


Genetic Studies 


Before presenting the results of the genetic studies, the expectations of 
conjugation in T. pyriformis will be briefly reviewed (FIGURE 11). Tetrahy- 
mena possesses one macronucleus and one micronucleus. The macronucleus 
contains many chromosome sets organized into physiological units called sub- 
nuclei (Allen and Nanney, 1958) that control the vegetative phenotypes of the 


CONTUGATION 


EXCONTUGANTS 


Ficure 11. Diagram of conjugation in T. pyriformis. 


-ell. During conjugation the old macronucleus is discarded, and new ones 
orm from the products of the zygotic nucleus. In each conjugant of a mating 
sair the micronucleus undergoes meiosis, giving rise to four haploid nuclei, 
hhree of which disintegrate. The remaining nucleus divides mitotically to give 
‘ise to the migratory and stationary pronuclei. Reciprocal fertilization results 
nh a zygotic nucleus that is diploid and identical in genotype in the two ex- 
onjugants. Different pairs may differ in genotype. Thus, after a cross is 
nade, each pair is isolated into a separate container. Genetic ratios are ob- 
ained from the distributions of phenotypes observed in the different pairs. 
or some characters differences in phenotype may be found within the pair (see 
sonneborn, 1957): between exconjugants and even between the two daughter 
ells (or sister caryonides) of the same exconjugant. A difference in phenotype 
yetween exconjugants is associated with differences in cytoplasmic factors, 
vyhereas a difference in phenotype between sister caryonides is associated with 
clear differentiation. i ge 

The phenotypes of the E-1 esterases are a pair characteristic although, as will 
ye shown below under the E-I Heterozygote, the phenotype of the heterozygote 
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is probably determined at the level of the caryonide. The results of several 
types of crosses are presented in TABLE 1. Crosses within a strain (B x B or 
C X C) give rise to pairs possessing only the group of isozymes characteristic of 
the strain. In genuine heterozygotes produced in a cross of B X C all eight 
or nine isozymes are present; that is, all the isozymes of each group, so that 
these heterozygotes may be classified as E-1B + C in phenotype. Unlike the 
esterases of maize (Schwarz, 1960) no hybrid molecules are formed. 

Some exceptional pairs will be noted in the F1 generation. These are homo-— 
zygotes: for the E-1 esterases, but also for characters at four different loci, some 
of which are unlinked (Allen, 1960b and unpublished). They arise as a result” 
of genomic exclusion during conjugation, with members of the C strain varying 
in their capacity to produce this effect. As a matter of fact, the first crosses” 
made in the genetic analysis of the esterases (Allen, 1960a) involved a member 
of the C strain, which produces almost 100 per cent transmission of all genes 


TABLE 1 
BREEDING BEHAVIOR OF E-1 ESTERASES 


Esterases 
Cross No. pairs tested 

B+ C B Cc 

BXB 10 0 10 0 
CXC 22 0 0 22 
BXC 28 22 Sy on 
22 8 14} 0 

B/C X B/C 177 88 45 44 
B/C X B/B 59 33t 26 0 
B/G SX E/E 40 24 0 16 


* Homozygous at E-1, E-2, mt and probably H locus. 
{ The 14 ‘“‘B” pairs were probably homozygous for B alleles at Z-/, E-2, and mt loci. 
} Two pairs, phenotypically ‘‘C’”’ tested as heterozygotes. 


from the other parent in the cross! The basis of this phenomenon is, at present, 
unknown, since cytological observation shows that C cells are present in the 
mating pairs and both exconjugants are recovered, yet conjugation appears to! ; 
be normal in many more pairs than expected. Whatever its ultimate basis, 
this phenomenon has presented a major stumbling block in the analysis of all | 
characters derived from the C strain. | 
Fortunately, some genuine heterozygotes are produced in crosses to the C 
strain. These heterozygotes breed normally, and good genetic ratios are ob- _ 
tained in the F2 and some backcross generations. In the F2 generation three | 
classes of pairs were observed (FIGURE 12) in a 2:1:1 ratio—88 B + C: 45 B: 
44C. Thebackcross to strain B yields two classes of pairs (FIGURE 13) ina 1:1 __ 
ratio—33 B + C; 26 B, and the backcross to strain C yields two different classes. 
of pairs (FIGURE 14) in an approximate 1:1 ratio—24 B + C:16C. i 
The results of testcrossing seven F2 segregants appear in TABLE 2. The 
two E-1B F2 segregants produced only B offspring, the two E-1C F2 segregants 
produced only C offspring, while the three E-1B + C F2 segregants produced. 
all three classes of pairs in approximate 2:1:1 ratios. The exconjugants were 
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Substrate: a-naphthyl propionate with sodium 


urocholate. Incubated 4 hours. 
_ Ficure 13. E-1 esterases of 8 backcross pairs (B/C X B/B). Substrate: a-naphthyl 
ropionate with sodium taurocholate. Incubated 4 hours. pee 
' Ficure 14. E-1 esterases of 8 backcross pairs (B/C X C/C). Substrate: a-naphthyl 
pee with sodium taurocholate. Incubated 4 hours. 
cure 15. Eight subclones derived from an E-1B + C heterozygote. Substrate: a- 
sphthyl propionate with sodium taurocholate. Incubated 4 hours. 
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separated in the starred crosses and, except for the exconjugants of a heterozy- 
gous pair, the two were phenotypically alike. Exconjugants of heterozygotes 
varied quantitatively in their activities of the two groups of isozymes and occa- 
sionally qualitatively, that is, one of the exconjugants would possess activity 
for only one of the two groups of isozymes. 


TABLE 2 
TESTCROSSES OF F2 SEGREGANTS FOR E-1 ESTERASES 


Esterases 
Phenotypes No. pairs tested 
B+C B ie 
B 8* 0 8 0 
B Bs 0 5 0 
(ie: 8* 0 0 8 
Cc 8* 0 0 8 
B+C ae 5 5 2 
Bre 8* 3 1 4 
21 10 4 a 
29 13 5 11 
Ba oe 25 21 9 
* Exconjugants separated. 
TABLE 3 


BREEDING BEHAVIOR OF E-2 ESTERASES 


Esterases é 

Cross No. pairs tested 5 
B+C B (@ } 

BXB 10 0 10 0 i 

ea a @ 22 0 0 22 P 
BG 28 22 3* 3* - @ 
22 8 14+ 0 "ae 

B/C X B/C 39 20 11 8 | 
B/C X B/B 40 18 22 0 ] 
B/C X C/C 40 26 0 14, 9 
| 


“Homozygous at E-1, E-2, mt and, probably, H locus. 
} The 14 “B” pairs were probably homozygous for B alleles at E-1, E-2, and mt loci. 


t 


The genetic data are consistent with the hypothesis that the two groups of 
isozymes are under the control of alleles at a single locus or at a cluster of 
closely linked loci. This locus (or region) will be designated as the E-/ locus. 
The B strain is homozygous for the E-1® allele, the C strain for the E-/° allele. 
The heterozygote (E-1°/E-I°) has the potentiality of producing both groups of 
isozymes. 

A second locus (E-2) governs the E-2 esterases, a conclusion reached from the 
results of the crosses shown in TABLE 3. The E-2B esterase is produced by 
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i-2°/E-2® homozygotes, the E-2C esterase by E-2°/E-2° homozygotes. The 
heterozygote (£-2"/E-2°) produces both esterases (E-2B + C), but each 
esterase has about one half the activity of that of the homozygote. There is a 
suggestion that the £-2 heterozygote may also show variability in expression 
of the two esterases, but the pattern of variability is, as yet, not well docu- 
mented. 

Linkage tests of the E-/ and E-2 loci indicate independent assortment (TABLE 
4). Both types of esterases were scored in the two backcross generations, and 
no significant deviation from the expected 1:1:1:1 ratio occurred. Linkage 
tests are in progress for the mating type (mé) locus and the E-1 and E-2 loci, 
but the data thus far are inconclusive. Tests have not, as yet, been initiated 
on the esterase loci and the H (serotype) locus, which is known not to be linked 
with the mt locus (Nanney, 19600). 


TABLE 4 
INDEPENDENCE OF E-1 anp E-2 ESTERASES 
Cross FB ae ane C/ BoB c E-1B/E-2B Total 
B/C X B/B 11 11 7 11 40 
E-1B + C E-1B+C E-1C 
COB E é rac’ | pop - c-) E1C/E2c 
BACS<OVe@ 14 10 12 4 40 


The E-1 Heterozygote 


Although the #-/ heterozygote has the potentiality of producing both groups 
of isozymes, it varies in its expression of the two groups. Quantitative varia- 
tion—and even qualitative variation—occurs between the exconjugants of a 
heterozygous pair. This variation is also observed within a single caryonide. 
When single cells were isolated from a caryonidal culture, the subclones showed 
considerable variability in their enzymatic activities (FIGURE 15), although the 
total activities of the four or eight isozymes present approached a common 
value. Some subclones had only B isozymes, some had only C isozymes, while 
others had some B and some C activity. The E-1B or E-1C subclones were 
stable, but the E-1B + C subclones were metastable and gave rise to E-1B + 
C and E-1B and/or E-1C cell lineages. Most of the cell lineages were E-1B + 
C, but the frequency of the three types varied with different E-1B + C sub- 
clones. ex 
_ The distribution of subclones from one E-1B + C caryonide is depicted 

raphically (FIGURE 16). The graphs are based on Densitometer recordings. 
In general, the activity of a single isozyme was proportionate to the activity ofa 
group, but in order to eliminate slight variations due to small differences in rates 
of cell division between cultures, which would influence the activity of a given 
isozyme, the group activities were calculated. The activities of each group 
vere totaled, then the percentage of C group activity was determined for each 
subclone Thus a subclone with only B activity would have a “0” per cent 
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value, while one with only C group activity would have a “100” per cent value. 
Those with some C group and some B group activities have intermediate values. 
Treatments of two kinds (starvation for one week in distilled water before iso- 
lating single cells into peptone; or growth of isolates at 16° C. for three weeks 
before transferring the cultures to flasks at 30° C.) had no effect on the distri- 
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Ficure 16. Lack of effect of two treatments on distribution of subclones derived from an 
E-1B + C heterozygote. Arrows represent means of distribution. 
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ae IGURE 17. Distributions of lineages derived from different E-1B + C subclones. Arrows 
pointing up represent means of distributions; sources of two top distributions indicated by 
arrows pointing down. 


: 


butions of subclones that resulted. The mean activities were similar in all | 
three arrays of subclones. . 
When E-1B + C subclones with different percentages of C activity were 
deliberately selected and expanded, the resulting distributions of cell lineages 
were markedly dissimilar (FIGURE 17). Two subclones were selected from the 
array shown on the bottom graph. The middle graph records the distribution 
of cell lineages obtained from a subclone with 62 per cent C activity, the top 
graph that obtained from a subclone with 18 per cent C activity. Only one 


stable type of cell lineage (either E-1B or E-1C) was produced by these sub- 
clones with eccentric activities. 


ea 
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_ Adequate kinetic data are not available for the E-1 esterases; however, 
Similar patterns of vegetative assortment were observed at the mt locus (Allen 
and Nanney, 1958) and at the H serotype locus (Nanney and Dubert, 1960). 
These patterns of vegetative assortment were interpreted in terms of a par- 
ticulate segregation model, developed by Schensted (1958). The macronucleus 
was postulated to contain diploid subnuclei, which could differentiate to yield a 
heterogeneous macronucleus. Stable cell lines would arise as a consequence of 


Ficure 18. E-1 esterases of 8 F2 pairs from a cross of Fl (E-1B X E-1B). Substrate: 
‘naphthyl propionate with sodium taurocholate. Incubated 4 hours. 
_ Ficure 19. E-1 esterases of 8 F2 pairs from a cross of F1 (E-1C X E-1C). Substrate: 
“naphthyl propionate with sodium taurocholate. Incubated 4 hours. 


andom assortment of the differentiated subnuclei to daughter cells during 
livision. The kinetics of segregation were identical for the mt and H loci. 
The differentiated cell lines at the mt and H loci were stable only during 
regetative reproduction. The differentiated cell lines at the H-/ locus were 
Iso stable during vegetative reproduction. Tests of the persistence of these 
lifferentiations were made by crossing all three phenotypes (E-1B + C, E-1B, 
)-1C) in all six phenotypic combinations. 

Crosses of the most extreme combinations (E-1B X E-1B and E-1C X E-1 C) 
ave rise to pairs of all three classes of phenotypes (FIGURES 18 and 19). This 
esult was obtained regardless of phenotypic combination (TABLE Se Ths, 
1e differentiations did not persist after conjugation—and all three classes of 
rs appeared in the progeny as expected of a cross of two heterozygotes. In 
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order to test possible deviations from a 2:1:1 ratio, crosses most similar in 
character were lumped, since some of the crosses were small. Although quali- 
tative trends are found among different sets of crosses, no set showed a signifi- 
cant departure from a 2:1:1 ratio, nor did the four sets show significant 
heterogeneity. Hence, the differentiations not only disappear following con- 
jugation but they exert no significant cytoplasmic influence upop the system. 
One final observation on the heterozygote should be mentioned; although the 
data are only suggestive. That is, regardless of phenotype, the total of the ac- 
tivities of the two groups approached a similar value. The totals for individual 
subclones varied (range 180 to 455 U.), but this range undoubtedly reflected 
differences in protein concentration between preparations. The mean value 
for 12 E-1B subclones was 300 U., for 8 E-1C subclones was 240 U.; and for 
44 E-1B + C subclones was 333 U. The lower value for the E-1C subclone | 


TABLE 5 
Crosses OF HyBRID CLONES WITH DIFFERENT E-1 PHENOTYPES 


Esterases of offspring: 
Parental phenotypes Total No. pairs Fit to 2:1:1 
B+C B Gc 
(Bi; ©) Xa(Bi 2G) 31 13 16 60 p =0.9 
BX (B+C) 14 7 2 23 
BXB eae 16 
21 12 6 39 p = 0.5 
CX (B+0C) Z 2 2 6 ; 
exe I ie hac 35 
22 7 12 41 p =0.5 
BXC 14 13 10 37 p=0.3 .§ 
Total 88 45 44 177 p = 0.99 


may not be real because of the way in which Densitometer recordings ee 
measured. A maximum value of light absorption was recorded for each 
isozyme. Such a procedure would not take into account differences in the 
width of individual zones in the starch. The E-1C isozymes typically are 
wider and less distinct than the E-1B isozymes. Thus these maximum values _ 
tend to underestimate the E-1C activities. The values of heterozygous clones” 
were similar to those of homozygous clones, with the E-1C homozygote having ) 
a slightly lower value.  F 
Additivity of these isozymes toward a similar value, irrespective of genotype 
and phenotype, suggests that only a certain amount of a protein is made. 
This suggestion leads to certain speculations concerning the nature of an iso- 
zyme, to be discussed below. q 


{ 
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; f 
The nature of an isozyme. ‘The distinction between a family of enzymes and 


an isozymic series largely rests upon the degree of specificity which is observed. 


Discussion 
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Markert and Moller (1959) defined a family of enzymes as one comprising a 
group of different enzymes with broad and overlapping substrate specificities. 
The members of an isozymic series, on the other hand, have a more restricted 
spectrum of specificity. Observations on the esterases of variety 1 of 7. 
pyriformis confirm this distinction. Considerable heterogeneity in enzymatic 
activities against four substrates and an inhibitor and an activator are found 
between different members of the family, although many of these members 
show overlapping specificities. Some of these members are under the control 
of two unlinked loci. Two of these members are made up of an isozymic series, 
which show identical specificities under the conditions employed, and the 
two isozymic sets are under the control of alleles at a single locus. 

Only a few genetic studies have been made on the esterases in other organ- 
isms. A polygenic mode of inheritance was postulated for the cerebral cholin- 
esterases of the rat (Roderick, 1960). Single gene differences were postulated 
for piglet arylesterase (Augustinnson and Olsson, 1959), human pseudocholin- 
esterase (Harris ef al., 1960) and maize aliesterase (Schwarz, 1960). No genetic 
studies have as yet been reported on an isozymic series of esterases, but an 
exciting study is in progress on an isozymic series of alkaline phosphatases in 
Escherichia coli (Bach et al., 1961). 

In #. coli starch gel electrophoresis resolved the phosphatases into five 
electrophoretically distinct components, although a single protein is implicated 
by Tiselius electrophoresis, sedimentation, and immunological characterization. 
Chromatographic separation on DEAE cellulose columns showed a single peak, 
but some heterogeneity of the different isozymes within this peak. Single 
mutations in the phosphatase gene—or growth under conditions of enzyme 
repression—eliminated all of the isozymes. Reverse mutations included a 
number of mutants with altered electrophoretic mobilities, although the 
number and spacing of the isozymes was retained in the mutants. All the 
mutants that have been tested genetically show changes within the phosphatase 
gene. The genetic observations are thus similar to those obtained with the E-1 
esterase isozymes in Tetrahymena, although on a much more definitive scale. 
Quantitative variations in these isozymes were observed with growth on dif- 
ferent media similar to the sorts of variations seen in Tetrahymena. 

‘The finding of single gene control of an isozymic set limits speculation con- 
cerning the nature of an isozyme, at least in the context of the genetic dogma as 
it now stands. According to the dogma, a certain prescribed sequence of 
events transpires from gene to protein: the DNA code is imprinted in RNA, 
which translates the message into particular amino acid sequences in the pro- 
tein. These sequences then are supposed to determine a secondary and 
tertiary structure of the protein. A problem arises in interpreting the electro- 
phoretic differences of a protein with the same enzymatic activity under such a 
rigid dogma. Markert and Moller (1959) suggested that either “the protein 
forming mechanism itself is subject to slight structural variations with a 
consequent variation in its products” or that the protein could be altered by its 
site of attachment within the cell. The latter interpretation is more consist- 
ent with genetic dogma and also certain experimental observations. 

1 Preliminary studies on cell fractions in Tetrahymena suggest that each 1s0- 
zyme may have a different site of attachment within the cell. Observations in 
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two other organisms support this idea. Nace ef al. found that all four lactic 

acid dehydrogenase (LDH) isozymes are present in the coelomic eggs of frogs 
and that two of these isozymes, examined in detail, are localized in different” 
regions of the egg. J. M. Allen, 1961, working with the LDHs of the mouse, 

was able to localize one of these to the apex of epithelial cells of the body of 

the epididymis. 

A genetic interpretation of this idea was suggested by Levinthal (Spiegelman, 
1960). This rests on the assumption that an isozyme is a molecule composed 
of several proteins. The active site of this molecule could be composed of one 
polypeptide, the tail of another polypeptide. Since isozymes have similar 
enzymatic properties, they must contain the same polypeptide in the active site. 
The tail polypeptides, which would govern the specificity of attachment, could” 
differ, and these could be governed by several different genes. 

Such an interpretation would lead to polygenic inheritance for a series of 
isozymes. Some isozymic series may well turn out to show this type of in- 
heritance, but in at least two cases (Tetrahymena and E£. coli) this interpretation 
works only if the following is assumed: that the strains are isogenic for a gene 
controlling the polypeptide of the active site and also for genes controlling 
the tail polypeptides, but that they differ in genes controlling a third poly- 
peptide of unknown biological properties. 

Since so many assumptions are needed in order to fulfill this interpretation, 
two.other avenues of approach will be pursued. The first approach adheres to 
genetic dogma and achieves a way out of the dilemma through polymerization. 
Ifa single polypeptide formed polymers of varying size, different specificites of 
attachment might arise as a consequence of the different tertiary structures of — 
the polymers. The active site, however, must not be affected either by gene 
substitution or by polymerization. There is evidence for the formation of 
polymers in systems of this kind in two studies. Smithies (Ingram, 1960) 
reported that the several electrophoretic components of the haptoglobins in 
man were stable polymers, which could be resolved into single components by — 
treatment with mercaptoethanol, iodoacetamide, and urea. In maize certain — 
aliesterases are under the control of three alleles at a single locus, and each | 
heterozygote forms a hybrid molecule in addition to the parental molecules 
(Schwarz, 1960). The amounts of enzymatic activity were additive in the 
different genotypes, but distributed among each set of components in a manner 
suggesting that each molecule was a dimer. 

The results of Bach e¢ al., 1961, clearly indicate that different states of aggre- 
gation of the phosphatase protein do not occur. A single species of protein is 
involved and it does not form polymers, yet this protein shows electrophoretic 
heterogeneity in starch gels. A way out of this dilemma may be found by 
permitting slight structural variations in the tertiary structure of a protein. 
Thus the amino acid sequences of a polypeptide would usually result in a cer- 
tain protein configuration, but in response to different microecological factors, _ 
slight deviations in form might be produced. The number of configurations — 
that would be stable would probably be very limited: perhaps by the number of _ 
sites of attachment in the cell. These configurations might provide the neces- _ 
sary specificity of attachment to particular sites so that the enzyme would be 


, 


+ AON et gy, 


Panne ee ee 


Allen: Genetic Control of the Esterases 769 


channeled (Vogel, 1955) to particular reaction sequences taking place in dif- 
ferent parts of the cell. 

Although no data are yet available as to the physicochemical nature of the 
isozymes in Tetrahymena, the possible additivity of the isozymes in different 
genotypes suggests that only a certain amount of protein is made, which is then 
“distributed” among the different isozymes of a group proportionate to the 
degree of allelic activity in the cell lineage. ‘Distribution?’ could mean 
polymerization or it could mean alteration in configuration of the original 
molecule. 

The different configurations may be involved in the attachment of the enzyme 
to specific sites within the cell. Differences in activity of an isozyme under 
various conditions of growth, observed in Tetrahymena and E. coli, could reflect 
differences in the binding of this isozyme to its site of attachment. Facilitation 
or interference with this binding would lead to the observation of more or less 
enzyme becoming attached to a particular site. A corollary of this hypothesis 
is that certain isozymes in each group might show similar behavior under a 
given condition of growth. The changes during the growth cycle in Tetrahy- 
mena are not so easily explained, but those observed under two other conditions 
of growth do show correlations. Thus, the cathodal isozymes of each group 
were more active with growth at 16° C., while the anodal isozymes of each group 
were more active with starvation and/or mating. 

Nuclear differentiation in Tetrahymena. Previous studies of variety 1 of T. 
pyriformis have implicated the macronucleus and, more specifically, the sub- 
nucleus as the locus of nuclear differentiation in this organism (Allen and Nan- 
ney, 1958; Nanney and Allen, 1959; Nanney and Dubert, 1960). Analysis of 
the mating type locus and the H serotype locus showed some features that were 
different but many features that were remarkably similar. 

At each of these loci are a series of alleles. At the H locus each allele deter- 
mines a ciliary antigen of slightly different specificity at 20-30° C. (Nanney and 
Dubert, 1960). At the mating type locus each allele permits the expression of 
several of the seven mating types, each allele differing in which of the seven 
types are expressed and the frequencies in which they appear at a particular 
temperature (Nanney, 1959, 1960a; Nanney et al., 1955). The heterozygote at 
both these loci has the potentiality of expressing all parental phenotypes. 

The phenotypes at both these loci appear to be determined at the level of the 
caryonide, but this determination is more obvious in the case of the mating 
types. The correlation of the distributions of the mating types and the new 
macronuclei within a pair was observed almost 25 years ago by Sonneborn in a 
related ciliate, Paramecium aurelia (Sonneborn, 1960). Any experimental 
condition that interfered with the formation or distribution of new macronuclei 
resulted in alteration of the appearance or frequency of a mating type. Thus, 
it was concluded that the new macronuclei become differentiated during their 
formation, so that they control different phenotypes. 

A more precise localization of the control of the mating types was demon- 
tratedin Tetrahymena. Certain caryonides are unstable and mixed in pheno- 
* (Nanney and Caughey, 1955; Allen and Nanney, 1958). They give rise to 
a lines that are also unstable and to two or more cell lines that are stable for 
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different mating types. An analysis of unstable caryonides giving rise to two” 
stable lines showed that the kinetics of formation of the stable lines were the 
same, regardless of the two types that were present. At equilibrium the total 
rate of fixation was found to be 0.0113 per fission and the two types were pro- — 
duced at equal rates. These results were consistent with a particulate segrega- — 
tion model that assumed that the macronucleus consisted of diploid subnuclei, 
which could differentiate and give rise to a heterogeneous macronucleus. 
Random segregation of these differentiated subnuclei to daughter macronuclei 
would occasionally lead to the production of a macronucleus pure for one type of — 
subnucleus. Such cell lines would be stable. The rate per fission (R¢) at which 
stable lines are produced was shown by Schensted (1958) to be related to the 
total number (N) of subnuclei in the macronucleus; thus Rr = 1/(2N — 1). 
Where R; = 0.0113, the number of subnuclei in a newly divided cell is 45. . 

Similar observations were made on heterozygotes at the H locus (Nanney 
and Dubert, 1960). Heterozygous caryonides are unstable and give rise to cell 
lineages, some of which are unstable and express both alleles at the H locus, 
and others which are stable and express only one cf the two alleles. The rate 
of formation of these stable cell lines was identical to that determined for the 
mating type system. 

An analysis of the H heterozygote suggests that the site of nuclear differen- 
tiation in Tetrahymena is not only localized within the subnucleus but to the 
chromosomes themselves. One allele in each subnucleus of a heterozygote is 
suppressed, but which allele is expressed varies in different subnuclei. Cells 
with heterogeneous macronuclei express both alleles and are unstable. Cells 
with macronuclei containing subnuclei all suppressed for the same allele, express 
the other allele and are stable. 

Differentiation occurs only in heterozygotes at the H locus. At the ml 
locus. differentiation also occurs in homozygotes, and as many as four pheno- 
types may occur in different cell lineages of a single caryonide. As Nanney 
and Dubert (1960) point out, this observation makes gene segregation within. 
the macronucleus very improbable and supports the hypothesis that the dif- 
ferentiations occur in different diploid subnuclei. i 

The differentiations at both the mt and H loci are permanent during the — 
remainder of the vegetative existence of the cell. Those at the H locus even 
persist after a period of exposure to conditions that result in the nonfunctioning — 
of the H locus. However, the differentiations at both the mf and H loci do not 
persist after conjugation. 

Many features of the m and H loci are shared by the E-1 locus. Like the H 
locus, the two alleles at the H-J locus, when present in a heterozygote, vary in 
expression within a caryonide. Unstable cell lineages, which express both 
alleles, give rise to stable cell lines expressing only one of the two alleles. 
Adequate kinetic data are lacking for the E-J locus, but the observations on 
heterozygous clones showing that they varied qualitatively and quantitatively 
in their capacity to produce stable cell lines are consistent with crude observa- 
tions made on the mating type and serotype systems. Like the differentiations 
at the mt and H loci, those at the E-/ locus persist only during vegetative re- 
production. 


- 
An analysis of vegetative assortment at the mf and H loci showed that each 
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system is independent of the other (Nanney, 19606). They are unlinked 
genetically as well as phenotypically. These two systems (and probably the 
E-1 esterases, too) converge only in that their site of differentiation—the 
subnucleus—is the same. Hence, their common kinetic properties arise from 
a common physical organization of the subnuclei within the macronucleus. 
The secret of the control of these individual phenotypes lies within these 
subnuclei: probably on the chromosomes themselves. 

Cellular differentiation and isozymes. Cellular differentiation results in 
striking differences in patterns of activity of the LDH isozymes (Markert and 
Moller, 1959; Tsao, 1960). Different patterns were observed between similar 
adult tissues and tissue cultures of different species, between different adult 
tissues of the same species, and between similar adult and embryonic tissues 
of the same species. Changes in pattern of esterase activity were also observed 
during ontogeny in mouse tissues (Markert and Hunter, 1959). Contrary to 
these findings, only quantitative differences in the activity of the esterase 
isozymes were observed between cells of the same genotype in Tetrahymena 
(Allen, 1960a). Clonal analyses revealed that all the isozymes of a group (or 
groups) were present in the cells of the three genotypes. 

In higher organisms some of the isozymic changes during ontogeny could_be 
due to differential gene activity where a polygenic mode of inheritance is 
implicated. In these cases it is simplest to assume two states for a gene: either 
it is ‘‘on”’ orit is “‘off”’, A given pattern of cellular differentiation would then re- 
sult from a certain combination of genes that are “on”. Where single gene 
control is involved, the isozymic changes could reflect interference at several 
different points in the sequence from gene to protein. 

In Tetrahymena several different phenotypes are often associated with a 
single genotype and, in the cases examined, the control of these differences 
resides within the subnucleus and is probably chromosomal. It is possible 
that interference with DNA occurs, perhaps in its association with RNA or 
auclear proteins, to give rise to several different states of a gene besides its ‘‘on”’ 
or “off” states. Nanney (1960a) speculated that different folding configura- 
tions of material associated with the chromosomes could give rise to several 
molecular species, each of which could ultimately give rise to a different pheno- 
type. These configurations might replicate—along with the chromosome— 
during the vegetative existence of the cell, but they would be eliminated at the 
mset of meiosis. Brink (1960) suggested that one of the prime functions of 
meiosis might be to strip the chromosomes of associated materials acquired 
juring the vegetative life of the cell. 

A similar type of control may be exerted in some of the isozymic series, if 
wuclear differences can be demonstrated. However, for systems that do not 
how nuclear differences—as in the case of the esterase isozymes in Tetrahy- 
mena—the level of control appears to be further removed from the gene. In 
uch systems some type of control may be exerted on the channeling of partic- 
ilar isozymes to their sites of attachment within the cell. Microecological 
ifferences arising from different cellular associations and environments could 

ermine the stability of particular configurations and the configurations at 
pe attachment sites. Under certain conditions these configurations could 

rsist with a high degree of stability. 
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Summary 


The esterases of variety 1 of T. pyriformis can be resolved into a number of 
zones by starch gel electrophoresis. These zones can be separated into two. 
classes on the basis of substrate specificity and reaction to eserine sulfate and 
sodium taurocholate. At pH 7.5 to 9.5 one of these classes includes two groups 
of isozymes, which have similar substrate specificities and are inhibited by eserine 
and activated by taurocholate. The B group of isozymes is found in inbred 
strains A, B, and D, while the C group is limited to strain C. Each group of 
isozymes functions as a unit during vegetative and sexual reproduction. _Iso- 
zymic activities vary under different growth conditions and, as preliminary 
studies indicate, in different parts of the cell. 

Crosses between B and C cells produce hybrids with both groups of isozymes 
(B + C). However, hybrids vary within the clone in their expression of the . 
two groups, and subclones phenotypically B or C can be selected. Hybrids, in 
various phenotypic combinations, when intercrossed, give rise to three classes 
of F2 pairs, B + C, B and C ina 2:1:1 ratio. Backcrossed to parental cells, 
only two classes appear, B + C and B (or C) ina 1:1 ratio. Thus the two 
groups of isozymes are controlled by alleles at a single locus (E-1). A homozy- 
gote expresses only the B or only the C group. A heterozygote has the poten- 
tiality of expressing both groups, but it becomes differentiated (probably by 
allelic suppression) so that it expresses either the B or the C group. These dif- 
ferentiations persist only during the vegetative life of the cell. . 

Evidence will also be presented for a second locus (E-2) governing two mem- _ 
bers of the other class of esterases. H-J and E-2 appear to be unlinked loci. 

Since a single gene was implicated in the control of a set of isozymes, a single 
protein appears to be involved. This inference leads to certain speculations 
concerning the structure and function of an isozyme. An isozyme could arise — 
either by polymerization or by structural alteration of a single protein. These 
configurations could endow the isozymes with differences in specificity necessary _ 
for their attachment to certain sites in the cell as a prerequisite for their function 
in particular reaction sequences. 


Acknowledgment 
j 


> 
I gratefully acknowledge the technical assistance of Keith A. Arnold, Rober 
A. Berkoff, and Rita G. Dy. | 
References | 
ALLEN, J. on ei eens a lactic dehydrogenase in tissues of the mouse, their 
specificity, cellular localization and response to altered physiologi iti q 
a ean sek p altered physiological conditions. a 
ALLEN, S. L. 1958. Cytochemical localization of enzymes in sexual strains of the Proto- 
zoan, Tetrahymena pyriformis. Anat. Record. 181: 526-527. i 
an bee 1960a. Inherited variations in the esterases of Tetrahymena. Genetics. 45: : 
Auten, S. L, 1960. Abnormal segregation at the mating type | i i 
3 hymena RECO J. Protozool. 7(Suppl.): 15. skhailemanembbiias< 
LLEN, S. L. .L. Nanney. 1958. An analysis of nuclear diff iation i 
of Tetrahymena. Am. Naturalist. 92: 139-160. Sis ole ak Sn 
AucustTINNsON, K.-B. & B. Orsson. 1959. Esterases in the milk and blood plasma of — 
swine. 2. Activities at different stages during the lactation and suckling periods, and 
plasma arylesterase as a gene-controlled enzyme. Biochem. J. 71: 484-492, ; 


Allen: Genetic Control of the Esterases nik: 


Bacu, M. L., E. R. Sener, C. LevintHat & I. W. Sizer. 1961. The electrophoretic pat- 
terns.of alkaline phosphatase from various E. coli mutants. Federation Proc. 20: 225. 

Sa 1960. Paramutation and chromosome organization. Quart. Rev. Biol. 35: 

Harris, H., M. Wuirraxer, H. Lenmann & E. Sitx. 1960. The pseudocholinesterase 
variants. Esterase levels and dibucaine numbers in families selected through suxa- 
methonium sensitive individuals. Acta Genet. et Statist. Med. 10: 1-16. 

Hunter, R. L. & C. L. Marxerr. 1957. Histochemical demonstration of enzymes sep- 
arated by zone electrophoresis in starch gels. Science. 125: 1294-1295. 

IncraM, V. M. 1960. The genetic control of protein structure. Jn Genetics: Genetic 
Information and the Control of Protein Structure and Function. : 65-176. H. E. Sutton, 
Ed. Josiah Macy, Jr. Foundation. New York, N.Y. 

LEVINTHAL, C. 1960. Discussion in S. Spiegelman. Factors modulating the biochemical 
expression of genetic systems. : 189-190. Jn Genetics: Genetic Information and the 
Control of Protein Structure and Function. H.E. Sutton, Ed. Josiah Macy, Jr. Foun- 
dation. New York, N.Y. 

Marxert, C. L. & R. L. Hunter. 1959. The distribution of esterases in mouse tissues. 
J. Histochem. Cytochem. 7: 42-49. 

Markert, C. L. & F. Mgrier. 1959. Multiple forms of enzymes: tissue, ontogenetic, and 
species specific patterns. Proc. Natl. Acad. Sci. U.S. 45: 753-763. 

Nace, G. W., T. Suvama & N. Smirn. Early development of special proteins. Symposium 
of Internal Inst. of Embryol. Pallanza, Italy. In press. 

NANNEY, D.L. 1958. Epigenetic controlsystems. Proc. Natl. Acad. Sci. U.S. 44: 712-717. 

NanneEy, D. L. 1959. Genetic factors affecting mating type frequencies in variety 1 of 
Tetrahymena pyriformis. Genetics. 44: 1173-1184. 

NaAnnEY, D. L. 1960a. Temperature effects on nuclear differentiation in variety 1 of’ 
_ Tetrahymena pyriformis. Physiol. Zodl. 38: 146-151. 
NANNEY, D. L. 19606. The relationship between the mating type and the H serotype sys- 

tems in Tetrahymena. Genetics. 45: 1351-1358. 

NANNEY, DIL. &S.L.Atten. 1959. Intranuclear co-ordination in Tetrahymena. Physiol. 
Zo6l. 32: 221-229. 

Nanney, D, L. & P. A. CaucHrey. 1955. An unstable nuclear condition in Tetrahymena 
pyriformis. Genetics. 40: 388-398. 

NAanneEY, D. L., P. A. CAucHEY & A. TEFANKJIAN. 1955. The genetic control of mating 
type potentialities in Tetrahymena pyriformis. Genetics. 40: 668-680. 

NANNEY, D. L. & J. M. Dusert. 1960. The genetics of the H serotype system in variety 
1 of Tetrahymena pyriformis. Genetics. 45: 1335-1349. 

PREER, J. R., Jk. & L. B. PREER. 1959. Gel diffusion studies on the antigens of isolated 
cellular components of Paramecium. J. Protozool. 6: 88-100. 

RopERICK, T. H. 1960. Selection for cholinesterase activity in the cerebral cortex of the 
rat. Genetics. 45: 1123-1140. rt, 

SCHENSTED, I. V. 1958. Appendix: model of subnuclear segregation in the macronucleus of 
ciliates. Am. Naturalist. 92: 161-170. 

SCHWARZ, D. 1960. Genetic studies on mutant enzymes in maize: synthesis of hybrid en- 
zymes by heterozygotes. Proc. Natl. Acad. Sci. U.S. 46: 1210-1215. 

SEAMAN, G. R. 1951. Localization of acetylcholinesterase activity in the protozoan, Tetra- 
hymena geleiit S. Proc. Soc. Exptl. Biol. Med. 76: 169-170. ; 

MITHIES, O. 1960. Discussion in V.M. Ingram. The genetic control of protein structure. 
In Genetics: Genetic Information and the Control of Protein Structure and Function. 
: 129-136. H.E. Sutton, Ed. Josiah Macy, Jr. Foundation. New York, N.Y. 

SONNEBORN, T. M. 1957. Breeding systems, reproductive methods and species problems in 
protozoa. In The Species Problem. : 155-324. E. Mayr, Ed. A.A.A.S. Symposium. 
Washington, D.C. : 

SONNEBORN, T.M. 1960. The gene and cell differentiation. Proc. Nat]. Acad. Sci. U.S. 46: 
149-165. 

PIEGELMAN, S. 1960. Factors modulating the biochemical expression of genetic systems. . 
In Genetics: Genetic Information and the Control of Protein Structure and Function. : 
177-218. H.E. Sutton, Ed. Josiah Macy, Jr. Foundation. New York, N.Y. 

‘sao, M. U. 1960. Heterogeneity of tissue dehydrogenases. Arch. Biochem. Biophys. 90: 
234-238. ; 

Jocet, H. J. 1955. On the glutamate-proline-ornithine interrelation in various _micro- 
organisms. Jn A Symposium on Amino Acid Metabolism. : 335-346. W. D. McElroy 
& H. B. Glass, Eds. The Johns Hopkins Press. Baltimore, Md. | 

rson, J.D. 1960. Current concepts of the fine structure of chromosomes and the nature 
of the coding mechanism. Jn Genetics: Genetic Information and the Control of Protein 

Structure and Function. : 11-64. H. E. Sutton, Ed. Josiah Macy, Jr. Foundation. 


New York, N.Y. 


oe | 


q 
VARIOUS FORMS OF p- AND t-LACTATE DEHYDROGENASES 1 
IN YEAST + 


Agnar P. Nygaard 


The Johan Throne Holst Institute for Nutrition Research, 
University of Oslo, Blindern, Oslo, Norway 


The catalytic oxidation of racemic lactate by yeast extracts, which is in- 
dependent of added coenzymes, has been known for more than 30 years (Bern- 
heim, 1928). It was not realized until recently, however, that several lactate 
dehydrogenases may be present in yeast extract. In addition to L-lactate 
cytochrome c reductase, which has been known for many years (Nygaard, 
1961), three p-specific lactate dehydrogenases are present in yeast: they are (1) 
p-lactate dehydrogenase of yeast grown anaerobically (Lindenmeyer and Smith, 
1957; Labeyrie ef al., 1959); (2) p-lactate cytochrome ¢ reductase (Nygaard, 
1958); and (3) p-lactate dehydrogenase of yeast grown aerobically (Nygaard, 
1961a). Lactate is the most effective substrate for all of these enzymes, either 
giving the highest maximal rate, or having the lowest apparent Michaelis 
constant; several other alpha-hydroxycarboxylic acids are oxidized however; 
the stereospecificity is absolute. The acceptor specificities are widely different 
for the different enzymes; for example, D-lactate dehydrogenase of anaerobic 
yeast does not reduce cytochrome c, whereas D-lactate cytochrome c reductase 
has a high specificity for cytochrome c as acceptor. 

The physiological function of the various yeast-lactate dehydrogenases is 
unknown; attempts have been made to show that they are interrelated bio- 
synthetically, but no direct evidence has been presented (Kattermann and 
Slonimski, 1960; Nygaard, 19616). At the present time the composition and — 
the properties of the yeast-lactate dehydrogenases are studied in a comparative 
manner. The present report concerns (1) the binding of the prosthetic groups, © 
(2) the reversible inactivation of p- and t-lactate cytochrome c reductase, and 
(3) the effect of some inhibitors at the substrate and acceptor sites. : 


The enzymic preparations, materials, and methods used in this study have 4 : 


been described elsewhere (Nygaard, 1959, 1960, 1961). 7 
: 
The Binding of the Prosthetic Groups 

i-Lactate cytochrome ¢ reductase. This enzyme is also termed cytochrome 


b2 ; it contains equimolar quantities of flavin mononucleotide (FMN) and_ 
protoheme (Appleby and Morton, 1954). The fluorescence of FMN is 
quenched in the active enzyme, but it appears on storage, and this is accom- : 
panied by irreversible inactivation. MN dissociates rapidly from the protein — 
by the addition of (1) thiol reagents (Armstrong ef al., 1960), and (2) acetic 
anhydride, applied in small quantities at neutral pH. These observations ‘ 
cannot be taken as strong evidence, however, for the participation of sulfhydryl — 
(SH) groups and amino-acid groups in the binding of FMN; the dissociation — 
could be caused by denaturation of the holoenzyme, for example, by unfolding — 
of the peptide chain. i 
p-Lactate cytochrome c reductase. The fluorescence of the prosthetic group 
flavin adenine dinucleotide (FAD), is quenched in the native enzyme, but it 
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appears during storage, and this is accompanied by denaturation of the enzyme 
(Nygaard, 19612). FAD dissociates rapidly from the protein by the addition 
of (1) silver nitrate, and (2) acetic anhydride, applied at neutral pH. How- 
ever, it is possible to inactivate the enzyme with silver nitrate before the fluo- 
rescence appears; this is done by the addition of small quantities of the reagent. 
D-Lactate cytochrome c reductase may, therefore, contain essential thiol groups 
that are not involved in the binding of FAD. 

Dialysis of D-lactate cytochrome c reductase against 0.01 M EDTA or 0.001 
M o-phenanthrolin at pH 6.8 increases the rate of inactivation of the enzyme; 
no reactivation has been achieved by the addition of various metals. 

D-Lactate dehydrogenase of anaerobic yeast. This enzyme is a metalloflavopro- 
tein (Boeri ef a/., 1960; Curdel ef al., 1959). FAD protects against inactivation 
of the enzyme by atabrine, and certain preparations obtained during the 
purification procedure are stimulated by FAD; FMN has none of these effects 
(Baudras ef al., 1960). These observations indicate that the prosthetic group 
is FAD, which is loosely bound to the protein. The enzyme is inactivated 
by dialysis against chelating agents and reactivated by several divalent metals. 
_ D-Lactate dehydrogenase of aerobic yeast. This is an extremely labile enzyme, 
with FMN as the prosthetic group (Nygaard, 1961a). The dissociation of 
FMN from the protein, as measured by the appearance of fluorescence, roughly 
parallels the decrease of activity. D-Lactate decreases the rate of dissociation; 
it is increased by dilution of the enzyme. 

In conclusion, none of the lactate dehydrogenases of yeast have been split 
reversibly into flavin nucleotide and apoenzyme under controlled conditions. 
The nucleotides appear to be loosely bound to labile proteins, and the specific 
linkages involved in the binding are unknown. 


Reversible Inactivation of p- and t-Lactate Cytochrome c Reductase 


p- and t-lactate cytochrome c reductase are stabilized by their respective 
‘substrates: p- and t-lactate. The acceptor, cytochrome c, on the other hand, 
appears to form an inactive complex with ferricytochrome c, which dissociates 
by dilution of the enzyme-cytochrome c mixture. When dialyzed preparations 
of the enzymes are incubated with 1 X 10~* M ferricytochrome c at 5° C. for 
some days, the activity with cytochrome c as acceptor, as measured by initial 
reaction rates, is decreased, while the activity with ferricyanide (of the 1 en- 
zyme) remains constant; reactivation takes place during the assay procedure, or 
it can be accomplished by dilution of the enzyme with water or buffer, in the 
absence or presence of substrate. High concentrations of cytochrome uae ee 4 
10-* M) prevent the reactivation; crystalline serum albumin (100 mg. per ml.) 
does not have this effect. The reactivation phenomenon is not observed if 
ferricyanide is used as acceptor for L-lactate cytochrome c reductase. The 
relative activities with cytochrome c and ferricyanide are 1:1 for the freshly 
prepared enzyme, as well as for the reactivated preparations. Reactivation 
experiments with p- and 1-lactate cytochrome ¢ reductase are shown in‘FIGURES 
1 and 2 respectively. 
Since the reversible inactivation appears to be caused by the formation and 
issociation of an inactive enzyme-ferricytochrome c complex, one may explain 


. 
- 
mY 


P 


the results by considering a possible reaction mechanism of these two enzymes, 
which is as follows (Nygaard, 1961c; Morton e al., 1961): . 
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E+ SH = E-SH — FH + S 
EH + CyFet++ = EH.CyFet++ = E + CyFet+ + H* 


030 


ABSORBENCY 


120 


seconds 


Ficure 1. The enzymic activity of p-lactate cytochrome ¢ reductase, which has been 


incubated with 1 X 10° M ferricytochrome ¢ for 5 days at 5°. The composition of the assay 
medium is as follows: ferricytochrome c, 3 X 10-* M, p-lactate, 5 X 10-* M; in a total volume 
of 2 ml. Na-phosphate, '/2 0.01. plus 0.001 M EDTA, pH 6.8; 23°. The reaction rates ar 
obtained from the absorbency change at 550 my with time: 


(1) Twenty-five yl. of the enzymes was diluted with 100 ul. of the buffer 6 min. before 
added to the assay medium. 


(2) The enzyme was added directly to the assay medium, without previous dilution. An 
identical curve was obtained when 25 ul. of the enzyme was diluted with 50 ul. of the buffer 


plus 50 yl. of 1.2 X 10-* M ferricytochrome c 6 min. before added to the assay medium (buffer 
+ p-lactate). 


(3) As in the first step, but the assay medium contained 0.02 M NaCl. { 
Lt 

(E and EH denote the oxidized and reduced form of the enzyme respectively; 

SH, lactate; S, pyruvate; CyFe**+ and CyFet+, the oxidized and reduced form 

of cytochrome c respectively). The postulated, inactive complex E.CyFet++ 

may have to be dissociated before the oxidized form of the enzyme, E, can react 
with lactate, and the dissociation, which takes place by dilution, could be 

prevented by CyFet**, according to the law of mass action. Since ferricyanide 

and cytochrome c may react with different acceptor sites of L-lactate cyto 

chrome c reductase (Nygaard, 1961d), the ferricyanide site may not be occupied 
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in the E.CyFet++ complex; hence the complex could be active, without dis- 
sociation, in the t-lactate ferricyanide system, which may follow a reaction 


different from that proposed with cytochrome c (Morton et al. 


’ 


Interaction at the Substrate Site 


D- and L-lactate cytochrome c reductase are inhibited competitively by fatty 
acids, and the inhibition increases with the carbon chain of the inhibitor ; log 


0.15 


ABSORBENCY 


. 5 
minutes 


FicurEe 2. The enzymatic activity of t-lactate cytochrome c reductase, which has been 
neubated with 1 X 10° M ferricytochrome c for 5 days at 5° C. All the conditions are as 
lescribed in FIGURE 1: 

(1) Twenty-five wl. of the enzyme was diluted with 100 ul. of buffer 6 min. before added to 
he assay medium. 

(2) Twenty-five pl. of the enzyme was diluted with 50 ul. of the buffer plus 50 wl. of 1.2 X 
0? M ferricytochrome c 6 min. before added to the assay medium. 

(3) The enzyme was added directly to the assay medium, without previous dilution. 


<; (K,, the dissociation constant of the enzyme-inhibitor complex) has been 
ound to be a linear function of the number of —CH.— groups of the various 
atty acids (Nygaard, 1961d). From these observations the free energy of 
nteraction, AF = RT In K,, of (1) the —CH.— group with the enzyme sur- 
ace, and (2) the carboxylic ion with a postulated charge at the substrate site, 
lave been calculated. The former AF_cy,— , is —370 cal. per mole for both 
nzymes; the latter AF coo- , is — 2800 cal. per mole for D-lactate cytochrome 
reductase, and —880 cal. per mole for t-lactate cytochrome c reductase. 

The fact that r-lactate cytochrome c reductase reduces both cytochrome ¢ 
nd ferricyanide has been used to study the effect of the acceptor on the free 
nergy of interaction of fatty acids at the substrate site. The inhibition is 


— 


elie 
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FicureE 3. Substrate-competitive inhibition of t-lactate cytochrome c reductase by buty- 
rate, caprylate, and laurate. Acceptor, 9 X 10-4 M ferricyanide; 5 X 10-* M 1-lactate; buffer, — 
phosphate, I'/2 0.1, pH 6.8 plus 0.001 M EDTA; 23° C.: (1) no inhibitor added; (2) 0.05 M@ 
butyrate; (3) 0.0075 M caprylate; (4) 0.0005 M laurate; (5) 0.15 M butyrate; (6) 0.01 W 
laurate; and (7) 0.3 M butyrate. From the degree of inhibition by butyrate and laurate at — 
various concentrations of the inhibitors, the inhibition can be shown to be of the EI type; one ~ 
mole of inhibitor combines with each substrate site, 


10 ; 
CH2- groups 


Ficure 4. The logarithm of the inhibitor constant, Kz, as a function of the number of 
—CH,— groups of the fatty acids. Key: X -X——X, the L-lactate ferricyanide reductase 
system (the experimental values are taken from FIGURE 3); @—_® @, the 1-lactate 


cytochrome ¢ reductase system. Reproduced by permission of the J 1 of Biological 
Chemistry (Nygaard. 1961d). is eae ; 
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petitive also in the ferricyanide system (FIGURE 3), but K, is lower when 
rricyanide is introduced as acceptor; parallel lines are obtained for the two 
ceptor systems when log K; is plotted against the number of —CH,— groups 
the inhibitors (FIGURE 4). AF_cy,— , as obtained from the slope of the lines, 
—370 cal. per mole (for both systems); AF coo- , as obtained from the inter- 
pts of the lines with the ordinate axes (at —CH.— = 0), is —1650 cal. per 
ole with ferricyanide as acceptor, and —880 cal. per mole with cytochrome 
aS acceptor. 

The results suggest that ferricyanide increases the binding of the carboxylic 
n of fatty acids to the substrate site, possibly by the formation of an enzyme- 
hibitor-ferricyanide complex; it has been proposed that a ternary enzyme- 
ibstrate-acceptor complex is formed in this system (Morton ef al., 1961). 
Also D-lactate dehydrogenase of anaerobic yeast is inhibited by fatty acids, 
ie effect increasing with the number of —CH,— groups of the inhibitor mol- 
ules. The inhibition is not fully competitive, however, and for this reason 
study of the type described above is not possible. 
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THE FORMATION AND ENZYMATIC PROPERTIES OF THE 
VARIOUS LACTIC DEHYDROGENASES OF YEAST* 


Carlo Gregolin,t Thomas P. Singer,f Edna B. Kearney 
Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, Detroit, Mich. 


Enzo Boeri§ 
Istituto di Fisiologia Umana, University of Ferrara, Ferrara, Italy 


Introduction 


Since the studies of Meyerhof! in 1919 it has been known that yeast contains — 
a lactic dehydrogenase that differs from the familiar lactic dehydrogenase of © 
animal tissues in that it functions without added coenzymes. Between its | 
discovery and eventual isolation in pure form, about 35 years later by Appleby 
and Morton? in Australia, and Boeri and his colleagues® in Italy, many illus- 
trious biochemists studied the properties of this enzyme or attempted its isola- 
tion‘* without realizing that yeast contains not one but several lactic dehy- 
drogenases that may be readily distinguished from each other. 

Recognition of the fact that yeast contains two or more lactic dehydrogenases 
besides the well-known hemoflavoprotein just discussed (to which we shall refer 
as by in this paper, since cytochrome 62 is an essential constituent part of it) came 
about in a curious, indirect way. It has been known for many years (cf. 
Slonimski®) that most of the enzyme systems present in the mitochondria of - 
animal tissues, including those responsible for the Krebs cycle and electron 
transport, were absent in anaerobic yeast and were formed gradually as the cell — 
adapted itself to oxygen. In aerobically grown cells these enzymes were always — 
present, and appeared to be associated with structural elements of the cell 
which some investigators believed to be not only functionally but also struc- 
turally analogous to mitochondria.** While now it appears more likely that 
the structures referred to are not pre-existing mitochondria but fragments of the 
cell membrane formed during mechanical disintegration of the cell, it remains - 
true that these fragments—and hence the parent membrane—are the loci of 
the respiratory activities of the yeast cell and are functionally analogous to 
mitochondria. 

Among the components absent in anaerobic yeast are most of the norma 
cytochromes of aerobic cells, including cytochrome b:, the hemoprotein as- 
sociated with t-lactic dehydrogenase. In fact, using accepted methods of 
assay of this enzyme, which involve the measurement of the rates of reduction 
of cytochrome c or of methylene blue by lactate, Slonimski? could not detect - 
any activity in anaerobic cells, and the activity rapidly rose during O» adapta- 

* This investigation i i i 
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ion. ‘Thus the situation appeared to be quite analogous to that of succinic 
Jehydrogenase, which had been claimed to be absent in anaerobic yeast and to 
ippear very rapidly during subsequent adaptation to Oz. 9 

About four years ago, Hebb ef al." in our Detroit laboratory reinvestigated 
he question of the absence of succinic dehydrogenase in anaerobic yeast. 
Recognizing that the methods used by earlier workers would be incapable of 
Jetecting yeast succinic dehydrogenase, even if it were present, they employed 
the dye phenazine methosulfate as electron acceptor, which provides the only 
<nown satisfactory method for the assay of this enzyme in yeast. They found 
Ahat succinic dehydrogenase was far from absent in anaerobic cells, although 
ts concentration was somewhat lower than in aerobic yeast, but that the mem- 
yers of the respiratory chain were completely absent in anaerobic yeast and, 
ince these were required for the operation of the assay method of Slonimski, he 
vad been unable to detect the enzyme. os 

Although cytochrome c and methylene blue are satisfactory electron ac- 
eptors for purified 1-lactic dehydrogenase (be), there were claims in the litera- 
ure, mostly from Okunuki and his colleagues in Osaka, Japan," that this 
nzyme may exist in forms that cannot reduce methylene blue or cytochrome c 
yut could react well with other oxidants. Recalling that in the case of succinic 
lehydrogenase the proper choice of the assay was the clue to establishing the 
yresence of the enzyme in anaerobic yeast, the Detroit group decided to rein- 
vestigate the absence of the enzyme in anaerobic cells, using ferricyanide as an 
xidant.'® It was soon found that p1-lactate was even more rapidly oxidized 
n membrane fragments isolated from anaerobic than from aerobic yeast with 
erricyanide as the acceptor, but with cytochrome c only aerobic cells oxidized 
actate at appreciable rates. By means of the ferricyanide technique several 
ther groups independently established the oxidation of pr-lactate by anaerobic 
ells (Slonimski and Tysarowski” in France; Boeri e¢ al.!* in Italy; and Linden- 
mayer and Smith!® in the United States). Thus the situation seemed super- 
cially analogous to succinic dehydrogenase and was, in fact, so interpreted by 
lonimski and Tysarowski in their early papers,!”,?? which suggested that 
maerobic yeast contains a precursor of the enzyme present in aerobic cells. 
sater Labeyrie and her colleagues” discovered that the “lactic dehydrogenase”’ 
f anaerobic cells is specific for the D configuration of lactate, while the enzyme 
solated from aerobic cells (and then thought to be the only one present). had 
een known to be specific for 1-lactate.’ This difference in stereospecificity and 
ifferences in kinetic constants led Labeyrie e¢ a/.”! to the conclusion that one 
nzyme could not be the precursor of the other. : 

While the precursor-product hypothesis thus appeared to be dead and buried, 
-has been exhumed lately by Slonimski’s group,” and has also been revived by 
lygaard.” ,24 p 
‘Because of the intrinsic interest of the problem and its implications on en- 
yme-forming processes, in late 1959 the laboratories in Ferrara, Italy, and in 
Yetroit decided to pool their efforts in the form of a four months’ collaboration 
1 order to settle the question of the relation of the D and 1 enzymes. In the 
ourse of this collaborative research program, evidence was obtained indicating 
hat these two enzymes enjoy separate and independent existence and that a 


—— 
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precursor-product relationship between them is extremely unlikely. A brief — 
summary of the relevant findings will be given later in this paper. Incidental | 
to this investigation was the finding that yeast cells contain at least one and — 
probably two additional, hitherto unrecognized enzymes for the oxidation of 
lactate. The main part of this paper will deal with the evidence for the exist- | 
ence of the various lactic dehydrogenases of yeast, and will review what is known 
of their chemical identity, the conditions necessary for their formation, and their 
probable interrelations. 


Enzymes for the Oxidation of p(—) Lactate 


Thus far two well-defined enzymes capable of oxidizing D-lactate to pyruvate — 
have been isolated from yeast: the enzyme from anaerobic yeast (Slonimski — 
et al.” and Cremona and Boeri, in preparation), which has been shown by Boeri 
et al2® to be a general D-a-hydroxy acid dehydrogenase, and an enzyme present _ 
in aerobic yeast, discovered in our collaborative work in Ferrara”® and more re- 
cently purified in our laboratory in Detroit,” as well as by Nygaard,”* to which 
we shall refer as D-lactic cytochrome reductase. While these two enzymes are 
strikingly similar in some respects, they are readily distinguishable from each 
other. 

As already mentioned in the introduction, the first of these enzymes is formed _ 
in largest amounts during anaerobic conditions, and it has been reported’?! to 
decline rapidly on incubation of the cells in the presence of Oz and in the absence 
of active cell division (that is, under conditions of the so-called O2 adaptation), — 
conditions that also happen to evoke the formation of cytochrome 2. It was 
precisely for these reasons that first Slonimski and his colleagues and, later, 
Nygaard were led to believe that the D-a-hydroxy acid dehydrogenase is a 
precursor of the 2. As shown in TABLE 1, however, the decline in D-a-hydroxy — 
acid dehydrogenase activity is just as great under absolutely anaerobic condi- 
tions asin O:. In fact, in a previous publication®® we have demonstrated that 
this enzyme is formed only during the rapid phase of cell division and is rather 
rapidly destroyed in living. cells once active cell division stops. That its disap- 
pearance on incubation of the cells in the absence of a nitrogen source has noth-_ 
ing to do with the formation of b2 is further shown by the facts (1) that con 
tions may be readily established under which the decline of p-a-hydroxy acid 
dehydrogenase is unaccompanied by any synthesis of b:, and (2) that, con- 
versely, the conditions of adaptation may be so adjusted that rapid synthesis 
of b: occurs, without a significant decline in D-a-hydroxy acid dehydrogenase 
activity, as shown in experiment 2 of TABLE 1. 1 

Some of the known similarities and differences between the two D-specific 
enzymes that have been isolated and characterized are summarized in the last_ 
two columns of TABLE 2. While the general p-a-hydroxy acid dehydrogenase is 
characteristically~ associated with young, anaerobic cells, the p-lactic cyto- 
chrome reductase is an enzyme typical of aerobic cells. It is also formed during 
“Oe adaptation” of anaerobic yeast, although not at the same rate as be. 

Both enzymes appear to require a divalent metal for activity and both are 
probably flavoproteins. The flavoprotein nature of the D-a-hydroxy acid 
dehydrogenase was first suggested in 1958 by Boeri ef al.!8 and by Slonimski and 


| 
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Dysarowski,!” who also considered it to be a flavin adenine dinucleotide 
FAD) enzyme; however, to our knowledge, the identity of the flavin has not 
een critically demonstrated, and even the flavoprotein nature of the enzyme 
as only recently been critically established by Boeri e al.” Ficure 1, 
aken from their work, shows the difference spectrum obtained on addition of 
\(—)lactate to a purified preparation, and clearly shows bands at 450 and 380 
nu. The flavoprotein nature of the cytochrome reductase has been demon- 
trated in unpublished experiments in this laboratory by resolving it with acid- 
mmonium sulfate and reconstituting it with authentic FAD. 


TABLE 1 


p-e-OH Acti DEHYDROGENASE AND CYTOCHROME Bz ACTIVITIES OF ANAEROBICALLY 
Grown Yeast AFTER VARIOUS CONDITIONS OF ADAPTATION* 


uMoles lactate oxidized/min. 


i iti p(—)lactate— L(+)la — 
Experiment Conditions Qoz es Ne oe 
Per ml. | Per mg.{ | Per ml. | Per mg. 
(1) “Grandes” 32 0.62 
Same, adapted 6 hrs. 
in O2 0 0 
Same, adapted 6 hrs. 
in Ne 0 0 
(2) “Grandes” <10 12.6 0.23 0 0 
Same, adapted 4 hrs. 
in air Dae 13.9 0.37 
Same, adapted 22.5 
hrs. in air 53 UES 0.2 3.81 0.071 


* Adaptation means incubation in stationary conditions. 
_ + Activity per milligram biuret protein. 

Yeasts were grown anaerobically in 10 per cent glucose, 1 per cent yeast extract, and 1 
yer cent peptone. Adaptations were performed with thoroughly washed cells with constant 
subbling with the gas indicated at 30° C. in the following media: experiment 1, 0.066 M 
KH,PO.—10 per cent glucose; experiment 2, 0.066 M KH.PO,—7 mM glucose—54 mM 


pL-lactate. 


Incubation with or dialysis against versene or o-phenanthroline completely 
‘activates both enzymes.2>?"” Incubation with extremely low amounts of 
certain divalent metals, under suitable conditions, reactivates both. Co**, 
Znt*, Mnt+, and Fet*, to varying extents, reactive both enzymes.2°:¢ Per- 
haps the most striking similarity between these two dehydrogenases is that the 
function of the metal in both appears to be substrate binding, as will be dis- 
cussed later. 

_ As to substrate specificity, the D-a-hydroxy acid dehydrogenase oxidizes a 
wide range of D-a-OH acids, besides p(—)lactate, including a-OH butyrate, 
malate, a-OH isobutyrate, a-OH caproate, a-OH isocaproate, a-OH isovalerate, 
and glycerate, but it is inactive with t-hydroxy acids, 6-OH butyrate, hydroxy- 
mino acids, and mandelic acid (raBLE 3). Incontrast, the p-lactic cytochrome 
eductase has a more restricted specificity, and fails to oxidize a number of 
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substances that are excellent substrates for the D-a-hydroxy acid dehydrogenase — 
(raBLE 4). The Michaelis constants of the two enzymes for the same substrates 
are also quite different (TABLE 2). Oxalate is a very powerful competitive | 
inhibitor of the first enzyme and probably acts by competing with the substrate 
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TABLE 2 


COMPARISON OF PROPERTIES OF L-LactTic DEHYDROGENASE,* D-e-OH Acip ‘ 
DEHYDROGENASE, AND OF D-LAcTICc-CyTOCHROME REDUCTASE 


Property 


t-lactic 
dehydrogenase 


p-a-OH acid 
dehydrogenase 


p-lactic-cytochrome — 
reductase 


Prosthetic groups 


Effect of dialysis 
against metal che- 
lators 

Metals that reactivate 
the enzyme after 
treatment with 
metal chelators 

Substrates 


Ky for lactate at 
aby (Cy, 

Ky for a-OH butyrate 

Effect of oxalate 


Competitive _inhibi- 


tors 


pH optimum (lactate) 
Stability at pH of op- 

timum stability 
Oxidants 


Extractability 


PH of optimum stabil- 
ity 


* Cytochrome b». 


The data on t-lactic dehydrogenase are based on the papers of Appleby and Morton,2%: 
and Boeri ef al.*.!; those on D-a-OH acid dehydrogenase are from Boeri et al.,2° or are u 
published data of T. Cremona; the data on p-lactic cytochrome reductase are adapted fro 


Protohaem, FMN 


None 


None 


L(+)lactate, L-a-OH 
butyrate, glycol- 
late 

8 X 10°* M 


None 


8 

Moderately _ stable 
anaerobically 

Fe(CN)«***, cyto- 
chrome c, phena- 
zine methosulfate, 
methylene blue, 
O: , and others 

Solubilized by buta- 
nol or autolysis 


6.5 to 7.8 


Divalent metal and 


Inactivates 


Cota Zn ys Mints 
Fet+ 


Many pD-a-OH acids 


Pelee kl aif 


4X 10° M 
Inhibitory at very 
low concentration 


Oxalate, malonate, 
tartronate, a-keto- 
glutarate, 1-mal- 
ate, L(+)lactate 


Extremely unstable 


Fe(CN)«*+*, mena- 
dione, methylene 
blue, DCPIP 


Easily _ solubilized, 
apparently cyto- 
plasmic 


Divalent metal and | 
FAD 
Inactivates 


Cot+, Znt++, Mnt+ 
Fet+ 


pD(—)lactate, 
OH butyrate 


2.85 X 10+ M 


D-a- 


1.42 X 10° M 

Inhibitory at mod- 
derate concentra- 
tion 


res 
Very stable 


7 ee 


Cytochrome c, phen-_ 
azine methos 
fate 


Very difficultly solu- 
bilized, _ particl 
bound 

6.5 to 7.5 


Gregolin and Singer,” or are unpublished data of C. Gregolin. 


for the metal component; the second enzyme is inhibited only at moderatel 
higher concentrations of oxalate.2° The same is true of a number of oth 
competitive inhibitors: for example, the D-a-hydroxy acid dehydrogenase i 
much more sensitive to inhibition by t-malate than the p-lactic cytochro 

reductase. The pH optima (with lactate as substrate) differ slightly, but th 
pH stability curves are very different. While the cytochrome reductase i 
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quite stable around fH 6.5, and is rapidly inactivated at pH 8, the p-a-hydroxy 
acid dehydrogenase is more stable at pH 8 than at pH values below 7 and is, in 
general, much more unstable to a variety of treatments than the cytochrome 
reductase. 


et. 


= ONG 
B50. 7400), 450" 500 — 550 
mu 
Ficure 1. Difference spectrum of D-e-hydroxy acid dehydrogenase (oxidized minus re- 
duced by p(—)lactate). From Cremona and Boeri (in preparation). 


TABLE 3 

- SUBSTRATE SPECIFICITY AND Ky VALUES OF D-a-OH Acip DEHYDROGENASE* 

% Substrate Ky Relative rate (Vmax.) 
p-Lactate Bee Ome i 1.00 
p-Malate Sat OS LOR, 0.89 
DL-a-Hydroxybutyrate 4X 107 1.08 

DL-a-Hydroxycaproate 6.5 X 104M 1.00 
pL-a-Isocaproate 4.25 X 10°* M 0.79 
Glycerate 0.019 


~ * At 30°C. pH. 
_ Adapted from Boeri et al.%° and Ghiretti-Magaldi et a/.% 


_ As to electron acceptors, the specificity of the reductase is much more re- 
stricted than that of the p-a-hydroxy acid dehydrogenase. In fact, among the 
yxidants tested, only cytochrome ¢ and phenazine methosulfate are active 
‘TaBLE 5). The latter is capable of measuring far greater rates at infinite con- 
sentration of acceptor than the former. In view of the inactivity of dichloro- 
nenolindophenol, a convenient spectrophotometric test consists of using 
henazine methosulfate as a carrier, the indophenol dye as the.terminal oxidant, 
nd measuring the rate of decolorization of the latter. While cytochrome ¢ and 
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phenazine methosulfate do not react with the p-a-hydroxy acid dehydrogenase, , 
all the dyes that were found to be inactive with the reductase work well with 1 
this enzyme (TABLE 6). 
It might be well to mention at this point the fact that the natural electron } 
acceptor of neither D enzyme is known at present. The fact that cytochrome * 
c is a good acceptor for the reductase does not mean, of course, that a direct : 
interaction with cytochrome c occurs in the cell. Although the localization of f 
the enzyme in the mitochondrial membrane, where the electron transport chain 


TABLE 4 
SUBSTRATE SPECIFICITY OF D-LACTIC-CYTOCHROME REDUCTASE | 


Activity relative to 
Substrate p(—)lactate at Ky at 30°C. 
Vmax. (30° C.) 


p-Lactate 2.85 X 10°* M 
D-a-Hydroxybutyrate 41* 1.4 xX 10°? M* 
p-Malate 


DL-a-OH isobutyrate 
DL-a-OH caproate 

DL-a-OH isocaproate 
DL-a-OH isovalerate 


* Assuming no inhibition by L-antipode: tests were run with pi-a-OH butyrate. Assays : 
at pH 7.5, 30° C., in 0.05 M imidazole with cytochrome c as acceptor, using a purified en- - 
zyme. Adapted from Gregolin and Singer”? and unpublished data of C. Gregolin. 


TABLE 5 
SPECIFICITY OF D-LACTIC CYTOCHROME REDUCTASE FOR ELECTRON ACCEPTORS 


Osan ae ao 
Cytochrome c 1 
Phenazine methosulfate* 8.4 . 
Menadionet 0 } 
Ferricyanide 0 
2,6-DCPIP 0 q 
| 
* Measured spectrophotometrically with DCPIP as terminal acceptor. } 
tT Measured spectrophotometrically with DCPIP or ferricyanide as terminal acceptor. 
Adapted from Gregolin and Singer®? and unpublished data of C. Gregolin. 
is also located, is compatible with the idea that the enzyme might interact wit 


the respiratory chain, the following experiment clearly shows that D-lactig 
cytochrome reductase is not a respiratory chain-bound enzyme in yeast: 
Freshly isolated particles, with very high respiratory activity, were used to 
compare the oxidation of p-lactate with that of succinate, a typical respirato 
chain-linked substrate, using a rotating platinum microelectrode. The oxid 
tion of succinate, whether or not stimulated by the addition of external cyto 
chrome ¢, was 100 per cent antimycin-sensitive. p-Lactate alone was not 4 
all oxidized by the preparation unless cytochrome c was also added; that is t 
enzyme could not transfer electrons to the bound cytochrome c of the particl 
When external cytochrome c was added, the oxidation of p-lactate immediatel 


began, but the resulting O, uptake was virtually unaffected by antimy 
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Thus cytochrome c in this case acts as a dye, bypassing the respiratory chain 
up to cytochrome oxidase. 

This brings us to the last point of dissimilarity between the two enzymes, and 
a very important one. The D-a-hydroxy acid dehydrogenase is readily and 
completely liberated in solution by autolysis or by mechanical breakage with 
Ballotini beads, and all available evidence points to the conclusion that it is a 
cytoplasmic enzyme (TABLE 2). In contrast the reductase is particle-bound,”’ 
as has been found also by Nygaard.?48 Only a very small per cent of the 
enzyme is liberated by autolysis of dried yeast.2° Advantage can be taken of 
the strong attachment of the enzyme to membrane fragments in its purification. 
As in the case of the succinic dehydrogenase of yeast,* major purification is 
accomplished by the preliminary isolation of the membrane fragments (the so- 
called ‘‘mitochondria’’) by differential centrifugation. Extraction of the en- 
zyme was first attempted by mild enzymatic procedures, which usually liberate 
particle-bound enzymes in soluble form, such as digestion of the particles with 
shospholipase A, with a purified fungal lipase of very broad specificity,*4 and 


TABLE 6 
SPECIFICITY OF D-a-OH Actb DEHYDROGENASE FOR ELECTRON ACCEPTORS 


Active Inactive 
Menadione* Phenazine methosulfate* 
K;Fe(CN). Cytochrome ¢ 
Methylene blue* Oz 
7,,0-DCPIP* 1,4-napthoquinone-5-sulfonate* 


* Adapted from Slonimski and Tysarowski,” Cremona and Boeri (unpublished); and 
Boeri ef al.?® 


with a concentrate of the autolyzing enzymes of yeast, in each case with nega- 
tive results. Treatment of acetone powders of the particles with mildly 
ilkaline buffers failed to extract the enzyme at pH values where it was stable. 
As the pH of the extractant was increased, more and more of the protein was 
extracted, but the inactivation also increased with pH and, thus, the protein 
sxtracted at more alkaline pH values was largely inactivated (FIGURE 2). A 
method elaborated in this laboratory a few years ago for the extraction of suc- 
inic dehydrogenase of yeast gave somewhat more promising results: it involves 
he desiccation of fresh particles or of acetone powders thereof with n-butanol 
ind ether, followed by extraction with mildly alkaline buffers.” This method, 
vhich also appears to have been used by Nygaard,” also results in progressive 
olubilization of the enzyme as the pH of the buffer used is increased. Un- 
ortunately, however, more and more inactivation again occurs as the pH is 
nereased above about pH 8 at 0° C. Thus, while at more alkaline pH values 
Jl or most of the protein might be extracted, it would be largely a denatured 
yroduct. At pH 7.8, the most alkaline pH permissible under the experimental 
nditions, only about 18 per cent of the activity is extractable. Extraction 
h aqueous butanol (Morton’s procedure)** gave essentially negative results. 
ice the yield in the butanol process is so low, we have elaborated an alterna- 
ive method that involves extraction of the particles with 4 per cent (w/v) 
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Triton X-100, a neutral nonionic detergent. Although we were well aware of 
the fact that, despite recurrent claims to the contrary, extraction with deter- 
gents such as cholate, deoxycholate, and even nonionic ones probably never 
yields enzymes in true solution but only in dispersion and that the purification 


AE 45,/min/20 mg. % EXTRACTION 
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FicurE 2. Effect of pH on the inactivation and on solubilization of p-lactic cytochrome 
reductase from acetone powders of yeast particles. A 2 per cent (w/v) suspension of ace- 
tone powder in 0.1 butler was homogenized and stirred for 10 min. at 0° C. at the pH values” 
indicated, then briefly centrifuged at high speed. Both the suspension before centrifugation 
and the supernatant solution were assayed at pH 7.5 in the standard assay.27 The buffers 
employed were triethanolamine (up to pH 7.8), Tris (pH 9), and glycine (pH 9.5 to 10). The 
pH values on the abscissa refer to 0° C.; activity is expressed per 20-mg. acetone powder on the 
left ordinate and the per cent extraction (activity of supernatant solution/activity of uncen- 
trifuged suspension) is noted on the right ordinate. Circles, per cent extraction; triangles, - 
activity in suspension before centrifugation. Unpublished data of Gregolin and Singer. 


of such extracts is often difficult and sometimes impossible, we decided to purify 
the Triton-extracted enzyme, since the yield was much better than in the buta- 
nol procedure and since it readily led to preparations of high specific activity 
(TABLE 7). Much of our work on the function of the metal in this enzyme has 
been performed with this type of preparation.* 


in More recently it was found that after partial purification of Triton extracts digestion 
with phospholipase A yields true solutions of the enzyme. The resulting solution has been 
purified 600-fold, compared with the parent particles. 


. 
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__ Before we leave the subject of the comparison of the two p-lactic enzymes, the 
most striking similarity between them, the behavior of their metal constituent, 
deserves some comment. Although the mode of action of the metal in these 
enzymes is of considerable theoretical interest, since these may in fact be the 
first metal flavoproteins in which the function of the metal is amenable to direct 
experimental study at this time,** the subject is too specialized to be treated in 
extenso in this publication. Thus only a brief summary of the findings will be 
presented here. 

Treatment of either enzyme with metal chelating agents, such as versene or 
o-phenanthroline, results in inactivation; delayed addition of suitable divalent 
metals reactivates either enzyme to varying extents, depending on experimental 

TABLE 7 
SUMMARY OF PURIFICATION OF D-LACTIC-CYTOCHROME REDUCTASE 


Step Total activity .M Specific activity .M 
lactate/min. lactate/min./mg. 
Yeast particles 180 0.060 
Acetone powder of yeast particles 175 0.055 
Triton extract 183 0.546 
Eluate from calcium phosphate gel 161 1.80 


- Activities are measured at pH 7.5, 30° C., in imidazole buffer, with cytochrome ¢ as ac- 
ceptor. The activity in the phenazine methosulfate assay” is 8.4 times higher. Adapted 
from unpublished data of C. Gregolin. 


TABLE 8 
METALS CAPABLE OF REACTIVATING D-a-OH Act DEHYDROGENASE AND D-LACTIC 
CYTOCHROME REDUCTASE FOLLOWING DiALysis AGAINST VERSENE 
OR 0-PHENANTHROLINE AND PASSAGE THROUGH SEPHADEX 


i Enzyme Metals active Metals inactive 
D-a-OH acid dehydrogenase Zn*+, Cot+, Mn+, Fe++ Mgt+, Ca++ 
p-Lactic cytochrome reductase Zn, Cots, Mnit, Ber 


———— 


BeAepted from data of Ghiretti-Magaldi et al, 


conditions.” 2:2 Since the combination of the enzyme with the chelating 
agent appears to be a relatively slow process (at least with the reductase), in 
practice overnight dialysis against a chelator is employed, followed by dialysis 
against a suitable buffer and, finally, passage through a column of Sephadex 
gel.2*.324 Both of the latter treatments are designed to remove unbound che- 
lator. The resulting enzyme is reactivated by very low concentrations of 
certain divalent metals (TABLE 8). FIGURE 3 is an example of the reactivation 
of p-a-hydroxy acid dehydrogenase. Ficures 4 and 5 illustrate the reactiva- 
a of the reductase and further demonstrate that the extent of reactivation 
depends on the nature of the substrate (FIGURE 5) and that, with a. given 
ibstrate, different metals give different maximal reactivation (Vinax.) and-dif- 
ent apparent Ky values. Fe 
There is reason to believe that under the conditions of these experiments the 
versible inactivation proceeds by two mechanisms (Scheme 1): in part the loss 


-——s 
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of activity is due to the presence of bound chelator on the enzyme, which is not 
removed by dialysis or gel exclusion, and its reactivation by metals represents 
a displacement of the chelator by the added metal; in part it seems to represent 
a genuine resolution of holoenzyme into metal-free flavoprotein, which is in- 
active but may be reactivated by a suitable metal. In fact, with both en- 
zymes, loss of the metal and consequent reversible inactivation may occur 


VAY (AE go / min. /mg) 


20 


2 4. 6 x10 
I 


| mM zn” |©/ma, PROT. 


Ficure 3. Reactivation of D-a-hydroxy acid dehydrogenase by Zn**. A purified prep4 
aration was dialyzed for 12 hours at pH 7.4, 0° C., under Ne against 7 X 10-* M NazHPOQ, , 
3 X 10-3 M thioglycollate and 4 X 10-3 M versene; then it was dialyzed for 3 hours against 
0.01 M Tris buffer, pH 7.4 and, finally, passed through a column of Sephadex G-25, equi- 
librated with 0.01 M Tris buffer, pH 74) Samples were preincubated for 10 min. at 0° C. 
with varying amounts of Zn** and assayed under standard conditions* in the ferricyanide 
assay. A plot of 1/V against 1/Zn or 1/Zn/mg. protein gave irrational values, but a rational 
curve was obtained by the method shown. From Ghiretti-Magaldi (in preparation). H 


“spontaneously” under rather mild conditions of purification (Cremona and 
Boeri; Ghiretti-Magaldi; both in preparation). This behavior may be one 
of the causes of the extreme instability of this enzyme, which has seriously ham- 
pered efforts to isolate it in many laboratories. 

Besides the reversible inactivations just discussed, under conditions of = 
longed dialysis both enzymes seem to undergo an irreversible inactivation, 
which might indicate that the loss of the metal may also lead to secondary 


denaturation; that is, that one function of the metal might be to stabilize the 
structure of these proteins. 
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Ficure 4. Reactivation of D-lactic cytochrome reductase. Inactivation was performed 
as in FIGURE 3, except that 0.01 M phosphate buffer, pH 6.5, containing 3.5 X 10-° M o- 
phenanthroline was used in the first dialysis. Preincubation of the dialyzed enzyme with 
metals was performed at pH 6.5, 0° C., for 10 min. Activity is expressed as 1/A Es50 per min. 
per 0.075 mg. protein in the standard assay.2”_ The metal concentration refers to that existing 
in the final assay mixture in a 3 ml. total volume. From Ghiretti-Magaldi (in preparation). 
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 Ficure 5. Reactivation of the reductase by Zn as tested with different substrates. ~In- 
fivation as in FIGURE 4. Excess substrate (30 umoles p-lactate or DL-a-OH_butyrate per 3 
.final volume. Other conditions as in FIGURE 4, From Ghiretti-Magaldi (in preparation). 
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Despite remaining uncertainties about the mechanism of the reversible + 
changes that the metal components of these enzymes undergo, the most proba- . 
ble interpretation of all available data is that in both enzymes the metal serves } 
as the binding site of the substrate. A similar conclusion has been independ- : 
ently reached by Tubbs® regarding the function of the postulated metal moiety © 
of the p-a-hydroxy acid dehydrogenase of kidney mitochondria. As is also} 
true of both enzymes from yeast, the identity of the metal component of the : 
mammalian enzyme*” remains to be established. 

Before leaving the subject of the p-lactic enzymes, it may be mentioned that 
the two enzymes discussed may not be the only ones present in yeast. We * 
have reported”® that strictly aerobically grown yeast contains an enzyme for ' 
the oxidation of p-lactate by ferricyanide which, like the enzyme from anaerobic | 
cells, is readily obtained in solution by autolysis. Compared with anaerobic : 
cells its activity is low (about 10 to 15 per cent as much). Whether this activity — 
represents a third, separate D-lactic enzyme, as Nygaard* believes, remains a | 
subject for further investigation. 
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ScHEME 1 


PosstBLE MECHANISMS OF REACTIVATION OF D-a-HypRoxy AcID DEHYDROGENASE 
AND D-LACTIC CYTOCHROME REDUCTASE 


(1) En-Me + chelator — En-Me-chelate TES ie + Me-chelate 
(active) (inactive) (inactive) 
En + Me — En-Me 


(2) En-Me + chelator > En-Me-chelate —iialysis_, &n-Me-chelate 
(active) (inactive) 


En-Me-chelate + Me — En-Me + Me-chelate 


Enzymes for the Oxidation of L-Lactate 


Although the existence of many L-lactic dehydrogenases or of many forms of 
the enzyme from yeast has been claimed in the literature,'®*.** only one, the 
hemoflavoprotein cytochrome 62, has been isolated and characterized.2* The 
properties of the enzyme are too well known to need detailed discussion here. 
Perhaps a reference to TABLE 2, first column, may suffice to emphasize the 
major differences from the D-enzymes just discussed. The enzyme is present 
only in aerobic cells; it oxidizes only L(++) lactate, L-a-hydroxybutyrate and, to 
a small extent, glycollate. Unlike the two well-defined p-enzymes, protein- 
bound metals are not present and are not needed for its activity.*° i 

As to various forms of the enzyme, the only clear-cut instance is its crystal. 
lization by Appleby and Morton” in a complex form with deoxyribose poly- 
nucleotide, whereas the preparation of Boeri et al.? was devoid of DNA and was 
noncrystallizable. Later it was shown‘ that the DNA is necessary for the 
crystallizability but not for the activity of the enzyme; once it is removed, the 
enzyme can no longer be crystallized. The significance of this DNA component 
thus remains quite obscure. 

Among other investigators our group”® has described an t-lactic dehydro- 
genase in yeast that appeared to differ from b:, since it was extracted from 
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“petite” mutants. Several years ago Slonimski,? in an extensive study of 
these mutants, demonstrated that they were unable to synthesize the usual 
complement of mitochondrial enzymes, including the cytochromes (except for 
cytochrome c). Although Slonimski® reported that the lactic dehydrogenase 
activity of petite and normal cells was equal, he could not detect the absorption 
bands of cytochrome 2 by spectroscopic methods either at room temperature or 
at liquid-air temperature (cf. Figure 10 in Slonimski’). In view of this fact 
and of the circumstance that Slonimski had employed pt-lactate in his assays, 
it appeared possible that he had been measuring the oxidation of p(—)lactate 
by one of the enzymes discussed. Since, however, in our experiments prepara- 
tions from aerobically grown petite cells oxidized L(+)lactate at an appreciable 
rate with either ferricyanide or cytochrome c as the electron acceptor,”* it ap- 
peared that either the mutants contain an L(+)lactic dehydrogenase different 
from 62, or that the enzyme is identical with the 62 of normal aerobic cells but 
was spectroscopically undetectable in crude preparations because of its presence 


TABLE 9 
OxIDATION OF L(+) LAcTATE In AEROBIC NORMAL YEAST AND IN PETITE MUTANTS 


Activity ‘ 
Method of extraction ib eects 
Normal Petite 
Autolysate of dried yeast 8 uM/min./g* dried | 2.56 uM/min./g* Sie 
yeast : 
Fresh, compressed yeast ex- | 9.5-11.3 uM/min./g | 2.7-2.9 pM/min./g* |3.7 + 0.2 
tracted by mechanical break- fresh yeast} 
age 


* Grown in laboratory under vigorous aeration at 27° C. in 1 per cent peptone—1 per 
sent yeast extract—10 per cent glucose. i 
{ Commercial (Red Star) bakers’ yeast. Adapted from data of C. Gregolin and A. 


Ghiretti-Magaldi.*% 


at appreciably lower concentration than in normal cells. In order to settle this 
question we decided to isolate the enzyme from petite cells and compare it with 
yuthentic cytochrome 02. 

TABLE 9 compares the rates of oxidation of L(+-)lactate in aerobic normal and 
setite cells after extraction by autolysis or mechanical disintegration. By 
sither technique about 30 per cent as much activity is found in petite as in 
jormal yeast. The enzymes were then isolated from both normal and petite 
ells by Boeri and Rippa’s* simplified procedure that yields the pure enzyme in 
ibout a day’s working time. Lactic dehydrogenase activity was followed in all 
ractions, and the enzymes for both types of cells behaved similarly during 
ractionation, if allowance is made for the much lower content in petite cells. 
[he final product from the petite cells gave the typical spectrum of the hemo- 
lavoprotein b: (FIGURE 6), both in the oxidized form and after enzymic reduc- 
ion. Definite proof that the t-lactic dehydrogenase of petite is indeed cyto- 
hrome 2 is shown in TABLE 10. As seen in the last column, the ratio of the 
lemoprotein content to the lactic-dehydrogenase activity is the same in the 
arms isolated from the petite mutants and from normal yeast. Further 


st 


i 


794 Annals New York Academy of Sciences q 
proof that all the enzymatic properties of the preparation are those of 6: is | 
presented in TABLE 11. q 
While these experiments dispose of the possibility of the existence ofa lactic 
dehydrogenase different from 2 in aerobic petites, there remain some puzzling | 


REDUCED 
OXIDIZED 


400 450 500 550 600 
WAVE LENGTH (my) 


FicurE 6. The enzyme was purified" from petite yeast and freed from lactate and wae 
sene by gel exclusion. Residual cytochrome ¢ was removed by passage through Amberlite 


ieee Pa Sa 


TABLE 10 


PROOF OF THE IDENTITY OF THE L(+) Lactic DEHYDROGENASE 
ISOLATED FROM PETITE YEAST WITH CYTOCHROME Bo 


se Cytochrome be io: 
Source of enzyme lactate asin eo aiord ne Feed 4 arate 
per min. per ml.) by lactate) 2 A Essz 
Normal yeast 12 0.024 
Petite yeast, prep. 1 6.45 0.013 496 
Petite yeast, prep. 2 9.75 0.019 $11 
Petite yeast, prep. 3 9.60 0.021 456 


Adapted from data of C. Gregolin and A. Ghiretti-Magaldi.1% 
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abservations on the occasional appearance of an appreciable activity for 
L(+ lactate in anaerobically grown petites (TABLE 12). The activity is ob- 
fained in autolysates and is measured with ferricyanide but is not detectable 


TABLE 11 


COMPARISON OF L(+)LAcTic DEHYDROGENASES ISOLATED 
FROM AEROBIC NORMAL AND PETITE YEASTS 


Property 


Normal 


Petite 


Conditions of formation 
Substrates 


Relative activity Fe(CN)¢/ 


Aerobic growth or O,— 
adaptation 

Lactate, a-OH butyrate, 
pads (glycollate) * 

1 


Same 


Lactate, a-OH butyrate (gly- 
collate not tested) 


cyt. ¢ 
inhibitors p-CMB, high oxalate Same 
Noninhibitory CN, versene Same 
K w for L(+) lactate SILOM at 2074CGst 8 X 10-4 M at 30°C. 
pH optimum (Fe(CN).-as- | 8 at about 20° C.t 8 at 30°C. 
say, 
Stability Stabilized by substrate and | Same 
‘ anaerobic conditions 
Range of precipitation by ace- | 12 to 40 per cent (v/v) Same 
tone under specified condi- 
tions 
\bsorption maxima (after re- | 423, 528, 557 423, 528, 557 


duction by lactate) 


* Adapted from Appleby & Morton (1959).3° 
{ Adapted from Boeri e¢ al. (1955). 


TABLE 12 


THE OXIDATION OF L(-+)LACTATE IN STRICTLY ANAEROBIC YEAST 


‘ Rate of oxidation of 1(++) lactate in autolysates 
- Growth conditions 

’ uM/min./ml. pM/min./mg. protein 
Normal yeast, grown in 10 per cent glu- 

cose—1 per cent yeast extract—1 per 
_ cent peptone 0.38 0.007 
etite yeast, grown as above 0.81 0.017 
Normal yeast, grown in Slonimski me- 

dium No. 3 0.36 0.0064 
etite, grown as above +D1-lactate pres- 
ent during growth 0.59 0.01 


—— 


_ Assays at pH 8 in 0.08 M Tris at 30° C.; substrate = 5 mM 1(+) lactate; acceptor = 1 
nM ferricyanide. Adapted from Singer eé/ al.2* and unpublished data from this laboratory. 


t 


a Y . . 4 . * 
vith cytochrome ¢. Since cytochrome ¢ is inactive as an oxidant and the en- 
me is insensitive to 10~ M p-chloromercuribenzoate and, since the cells were 


ictly anaerobic, it cannot be ascribed to the activity of cytochrome &. 
he insensitivity to mercurials and inactivity toward L-malate seem to preclude 
involvement of D-a-hydroxy acid dehydrogenase plus a hypothetical race- 
se. Since conditions to obtain it in a reproducible manner have not been 
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defined—in fact it is more often absent than present—we have not been able to 
undertake its characterization. i 
There have been other claims in the literature of the existence of I-lactie ; 
dehydrogenases with properties different from those of the hemoflavoproteins ; 
but, in most instances, such claims were later withdrawn. Okunuki and his ; 
colleagues!” have separated the hemoprotein fragment of a crude preparation | 
of bz by proteolysis, crystallized it, and shown that it was slowly reduced not : 
only by lactate but also by malate and by TPNH in the presence of a crude : 
yeast preparation. They suggested from this that b: is not a specific component - 
of lactic dehydrogenase but a more general electron carrier, and that only the : 
flavoprotein part could be considered as the lactic dehydrogenase. In a later : 
paper® they appear to have recognized that the extremely slow rates of reduc- - 
tion of the hemoprotein part of the enzyme by yeast preparations has little ; 
relevance to normal physiological events and were ready to accept the thesis, , 
widely held by others, that the cytochrome is part of the enzyme. As of this ; 
time, then, only one well-defined enzyme for the oxidation of L(+-)lactate has : 
been isolated from yeast. 


Concluding Remarks 


In conclusion, while there are hints of the possible existence of additional | 
lactic dehydrogenases in yeast, thus far only three have been definitely isolated | 
and characterized. Since hitherto only gross differences have been studied, the : 
existence of different molecular forms of these, detectable only by more refined | 
techniques, also remains a possibility. There is no compelling evidence to ) 
believe that any two of these enzymes bear a precursor-product relationship to } 
each other; an enzyme would not be expected to change substrate specificity ina | 
radical fashion during the adaptation process. While precursors of these : 
enzymes may and probably do exist, they are not expected to be endowed ie 
catalytic activity and thus would not be detected by the techniques that have : 
been applied. 
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MULTIPLE FORMS OF YEAST HEXOKINASE 
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It has been known for some years now that certain enzymes, apparently 
homogeneous by a variety of criteria, can be separated into active fractions by 
column chromatography! or electrophoresis.2, Despite the apparent differences . 
in their molecular forms, there is in most cases very little difference in bio- 
chemical behavior between the multiple forms of a given enzyme. 

Crystalline yeast hexokinase is separable into six active fractions by chro- 
matography on DEAE cellulose or into three active fractions by electrophoresis 
on starch gel.? In the present communication, studies on these multiple forms 
of hexokinase are described. By a modified procedure for chromatography on 
DEAE cellulose, two major fractions were obtained by pH gradient (Fraction I) 
and NaCl gradient elution (Fraction II). These fractions were identical with 
respect to their catalytic properties. Fraction I can be converted to Fraction 
II by treatment with trypsin or chymotrypsin. . 


Methods and Materials 


The methods used for preparation and assay of the enzyme,‘ column chro- 
matography and starch gel electrophoresis,’ are as described by the authors cited — 
unless otherwise specified. 

For determination of the pH optimum, glucose disappearance was measured _ 
by the method of Hugget and Nixon.’ For assay of the ATP-ase activity of 
hexokinase, inorganic phosphate was measured according to Chen ef al.® after 
ATP was eliminated by charcoal adsorption.’ In an alternative assay for ATP+ 
ase, ADP was determined by coupling the reactions of pyruvate kinase and | 
lactic dehydrogenase’ using the assay mixture for pyruvate kinase of Biicher 
and Pfleiderer,® scaled down to a 1-ml. reaction mixture. | 

For isolation of a yeast culture from a single cell, commercial yeast was plated - 
on heart infusion agar, and a single colony was picked for growth in a a 
liquid medium at room temperature with aeration. : 


Results 


Chromatography of crystalline enzyme. The separation of 6 times recrystal- 
lized yeast hexokinase into several fractions by DEAE-cellulose column chro- 
matography is shown in FIGURE 1. At least 6 forms of hexokinase were 
separated, 3 major peaks (b, e, and f) and 3 minor peaks (a, c, and d). The 
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Specific activities of the corresponding six peaks from another similar run were as 
follows: a, 675 U./mg.; 6, 722 -U./mg.; c, 735 U./mg.; d, 760 U./mg.; e, 705 
U./mg.; f, 680 U./mg. Within the limits of experimental error in the deter- 
minations of protein concentration and enzymatic activity, these specific ac- 
tivities are the same. The material eluted by the PH gradient is designated as 
Fraction I; that eluted by the NaCl gradient, Fraction II. 
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Ficure 1. Anion exchange chromatography of yeast hexokinase on DEAE cellulose using 
gradient elution.’ Key: O, hexokinase activity in units per ml; @, pH; O, chloride ion con- 
centration in effluent. Hexokinase, 21.5 mg. in 50 ml. of buffer (5 X 10-3 M succinate, pH 
6.0) 6th crystals, 696 U./mg., placed on a column 9 X 60 mm. Tubes 0 to 4 contained the 
effluent collected during the addition of the enzyme. A pH gradient was established by plac- 
ing pH 5.1 buffer (5 X 10? M succinate, 10~* M versene) in mixing vessel (600 ml.) and run- 
ning in buffer at pH 4.8, 5 X 107% M succinate. The pH of the effluent fell to 4.8 more 
abruptly than expected in this experiment. NaCl gradient 0 to 50 mM, pH 4.8 (5 X 10° M 
succinate). An air pressure bulb was used to increase the flow rate to approximately 0.2 
ml. per min. Approximately 4 ml. per tube was collected. 


Fraction II was never eluted unless a NaCl gradient was introduced, indicat- 
ing that there is a distinct qualitative difference between these two fractions. 
On the other hand, the differences between the peaks within Fraction I or within 
Fraction II are rather subtle, and changes in the buffer concentration, column 
size, or rate of elution have a large influence on the elution pattern within the 

© major fractions. e 
_In Ficure 2a, a typical elution pattern of the crystalline yeast hexokinase 

‘om a DEAE-cellulose column, under the modified conditions used in most of 
% remaining experiments, is shown. In this experiment, the concentration of 
ss 


q 
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a 
the buffer was 10-? M succinate (instead of 5 X 10° M), and the relative flow 
rate was twice as fast as that used in FIGURE 1. Under these conditions there 
is little separation within fractions. 

Tests for artifacts. In order to eliminate the possibility of a column artifact 
as the cause of the occurrence of these two fractions, each fraction was sepa- 
rately chromatographed as shown in FIGURES 26 and c. It is clear from these 
data that each fraction is eluted at the expected position. It should be noted 


NORMAL 
LJ 
faa) 
Fad 
_ 2 b 
= 
has 
‘S NaCl I ONLY 
5! y 
: \ 
z 
lJ 
oO 
or 
lJ 
a 
we 
= rs 
= 4 
a 
> NaCl IE ONLY 
2 y 


60 120 180 240 


TUBE NUMBER 
FicurE 2. Rechromatography of Fractions I and II. In a, 1440 units of first crystalline 


suspension was dialyzed against M/50 Tris buffer (pH 8.0) followed by 10-* M succinate buffer, | 


pH 6.0. The solution was placed on a DEAE-cellulose column 8 X 9 i 

with the hexokinase, the column was washed with succinate buffer OH ob. 10 At) ona 
ent was collected from the time when gradient elution was started. A pH gradient was es- 
tablished by placing pH 5. buffer (10- M succinate) in mixing vessel (250 ml.) and runni 

in buffer at pH_ 4.6 (10°* M succinate). NaCl gradient, 0 to 50 mM, 10-* M succinate | 
4.6. At the point of arrow the reservoir was switched to 50 mM NaCl, pH 4.6 (10- M suc- 
cinate). Rate of flow was 2 ml./7.5 min. and every 2 ml. was collected. Assay of the en- 
zymatic activity was done on 0.4 ml. of effluent taken from every fifth tube. The eluted Frac- 
tions I and II were kept in 30 per cent saturated ammonium sulfate solution after the po 
se adjusted to 7.0. In 6, 10,000 units of pooled Fraction I from several experiments was ana- 
yzed by the identical procedure. For hexokinase activity assay 0.1 ml. of the effluent was 
used. In ¢, 3,600 units of pooled Fraction II from several experiments was chromatographed. 
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also that the relative proportions of Fractions I and II are approximately 1:1 
in the typical elution pattern (FIGURE 2a). 

The possibility that these two fractions represent an artifact arising during 
extraction or purification was checked by the following experiments. As shown 
in FIGURE 3a, the crude extract used as the starting material for the usual 
preparation of the crystalline material gave a pattern upon chromatography 
similar to that found with the crystals. This indicates that the procedures 
used for preparation of the crystalline material from the crude extract do not 
alter the elution pattern of the enzyme. The possibility of an extraction 
artifact was checked by the use of a variety of extraction methods. F1iGcuRES 
36, c, and d show the respective elution patterns of the crude extracts prepared 
is follows: (b) by applying a pressure (12 tons/sq. in.) to a sample of fresh 
baker’s yeast in the cold (0 to 5° C.); (c) according to the classical Meyerhof 
method by toluene autolysis of fresh yeast, followed by extraction for 24 hours 
ut 37° C.; (d) according to Lamanna and Mallette!® by stirring fresh yeast 
suspension with glass beads at high speed (in a Virtis Omnimixer) intermittently 
‘or a total of 3 min. in the cold. As shown in these elution patterns, there are 
ulways two fractions present in these crude extracts, regardless of the extraction 
nethod utilized. The ratio of Fraction I to II may vary as shown, but the 
variation is no greater than that observed in a series of preparations obtained 
xy the standard method. 

Single cell culture. Ina separate experiment a yeast culture was grown from 
i single cell and the extract was obtained by the pressure method. The elu- 
jon pattern of this extract clearly indicates the presence of the usual two Frac- 
jons I and II. Although there is still the remote possibility of mutation of 
he yeast during the course of growth, the result indicates that these two frac- 
ions do not represent the enzymes of two different strains of yeast cells. 

Electrophoresis of crystalline enzyme on starch gel.* Electrophoresis of 500 ug. 
yf the original form of hexokinase caused separation of 2 protein bands (amidol 
jlack stain), distinct but close together, about 3.8 cm. from the origin. A 
ingle broad yellow band that formed within 1 min. or 2 after overlaying with 
. gel containing a reaction mixture for colorimetric assay of hexokinase’ corre- 
ponded in position to the 2 closely spaced protein bands, probably indicating 
hat activity was associated with both protein bands. A second, faint, narrow, 
fellow band formed more slowly 4.5 cm. from the origin. No protein band 
orresponding to this second band of enzymatic activity could be seen. All 
migrations were toward the anode. Although electrophoretic studies on the 
eparated Fractions I and II have not been done, it is believed that the fast- 
noving protein corresponds to Fraction I, and the slow-moving one to Fraction 
, since Fraction II appears to be the more acidic protein from its column be- 
avior. ‘ 

“Comparative studies on Fractions I and II. Fractions I and a have both 
een crystallized under the same conditions as for the parent material, and they 
how the same crystal form. 
As shown in Taste 1, comparison of the Michaelis constants of these two 
tions indicates no appreciable difference in these values, which-are in good 
eement with the values reported by Sols e¢ a." 

rea and LiBr, which are believed to cause a decrease and increase, respec- 
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Ficure 3. Elution pattern of crude yeast hexokinase extracted by four different methods. 
Key: ---X---X---, 280 my absorption, O.D. X 1000; ——--——,, hexokinase activity, per cent 
of total per tube. } 

(a) Fresh yeast was dried slowly at room temperature for 2 weeks. Then 333 g of the 
dried yeast was mixed with 1 1. of 0.2 M NazHPO, solution and the mixture was incubated for 
3 hours at 37° C. with occasional stirring. The autolysate was centrifuged, first at 20,000 g 
for 60 min., and the supernatant fluid was further centrifuged at 100,000 g for 60 min. The 
final supernatant fluid was dialyzed against 10- M succinate buffer pH 6.0. Ten ml. of this” 
solution containing 1100 U. of hexokinase activity was analyzed under the identical conditions 
described in the legend of ricurE 2. The assay of the activity was done on 0.4 ml. of the 
effluent. : 

(b) Fresh yeast cake was packed up to the 40-ml. mark of a French press* that had been 
cooled to —60° C. To the packed yeast, 12 tons/inch? of pressure was applied at room tem- 
perature. During the entire operation, which lasted 20 to 30 min. the temperature of the 
extract was at most 15°C. To the extract, 20 ml. of cold distilled water was added, and the 
mixture was centrifuged and dialyzed. Five ml. of the solution containing 1665 U. was 
placed on a column and chromatographed as in a. } 

(c) One pound of yeast cake was mixed well with about 100 ml. of toluene by mortar and 
pestle. The excess toluene was squeezed out of the yeast and discarded. After incubation 


* American Instrument Company, New York, N.Y. 
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tively, in the helical structure of proteins,!? were tested on the activities of 
Fractions I and II in the hope that this might reveal a possible difference in 
secondary or tertiary structure between these fractions. As shown in FIGURE 
4, there was no appreciable difference observed in the sensitivity of these two 
fractions toward these hydrogen bond-affecting agents. 

Fractions I and II appear to be similar also with respect to accessibility of 
—SH groups. It was found that parahydroxymercuribenzoate inactivates 
both fractions at about the same rate when incubated at 30°C. Glucose 
protects both fractions from this type of inactivation. 

The pH-activity curves of both fractions were studied and, as shown in 
FIGURE 5, there is no appreciable difference between them. The pH optimum 
for both Fractions I and II is about 7.2. The curve has a wide shoulder up 
to pH 9.0. The shape of the curve and the pH optimum were slightly differ- 
ent from that reported by Sols et al." 


TABLE 1 


COMPARISON OF MICHAELIS CONSTANTS* AND SPECIFIC ACTIVITIES 
or YEAST HEXOKINASE FORMS 


Form Kym for glucose Km for ATP Specific activity 
I 1.14 x 10+ L2G 10 570 U./mg. 
II ix 10+ 9.4 X 107 559 U./mg. 


* For measurement of Michaelis constants, the cresol red, glycylglycine method‘ was modi- 
fied as follows. ‘The final reaction mixture for determination of Km for glucose was 1.66 X 
10% M glycylglycine, 4.1 X 10°* M ATP. The reaction mixture for determination of Km 
for ATP was 1.66 X 107? M glycylglycine, and 2.9 X 10-* M glucose. In the latter case, due 
to the varying buffering capacity at different ATP concentrations, each assay mixture had to 
be standardized by addition of a constant amount of acid. 


_ It has been found previously® that the crystalline hexokinase possessed a 
weak ATP-ase activity which consistently stayed with the hexokinase activity 
through six recrystallizations. Experiments were carried out to determine 
whether the fractions separated by the DEAE-cellulose column have ATP-ase 
activity to the same extent. Five times recrystallized hexokinase was placed 
m a DEAE-cellulose column as shown in FIGURE 6. Similar experimental 
conditions were used as in FIGURE 1. The effluent tubes containing the hexo- 
<inase were combined into six different fractions and each fraction was assayed 
or hexokinase and ATP-ase activity. The ATP-ase activity was measured by 


it 37° C. for 2 hours, the yeast was mixed with 500 ml. of 0.1 M tris-(hydroxymethyl) amino- 
thane (Tris) buffer (pH 8.0), 1 per cent glucose solution. After incubation for 2 hours at 
37° C., the mixture was centrifuged at 20,000 g and the supernatant was discarded. The 
esidue was mixed with 500 ml. of the same Tris buffer solution containing glucose, and autol- 
ysis was allowed to proceed at 37°C. overnight. The autolysate was centrifuged and di- 
zed, and 30 ml. of the solution containing 4800 U. was chromatographed as in a. 
~ (@) Two hundred gm. of fresh Baker’s yeast was mixed with 200 g of Ballotini glass beads 
d 40 ml. of 4 per cent glucose solution, 10~* M sodium versenate solution (pH 7.8). The 
xture was stirred at high speed with the container in ice (a Virtis Omnimixer was used). 
prevent temperature rise, the stirring was performed only intermittently. Total stirring 
ne was 3 min., and temperature was kept below S°C. After the homogenization was com- 
ted, 200 ml. of the same glucose-versene solution was added. The mixture was centrifuged 
d dialyzed, and 20 ml. of the solution containing 1200 U. of the hexokinase was chromato- 


iiiedas.in 0. 
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two independent methods, involving inorganic phosphate and ADP production, 
respectively. As shown in the inset, the ratio of these two activities is rela- 
tively constant throughout these six fractions. Additional evidence that the 
ATP-ase activity is an intrinsic characteristic of the hexokinase protein will be 
published elsewhere. It should be noted in FIGURE 6 that the absorption at 
280 my and the hexokinase activity follow each other closely, confirming the 
observation that the specific activities of all fractions are identical. The small 
amount of inactive protein which appeared between tubes 0 to 25 did not have — 
either ATP-ase or hexokinase activity. 
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7 Ficurer 4. The effects of urea and LiBr on the hexokinase activities of Fractions I and 


“The reactions were started by the addition of about 4 U. of enzyme in i i 

Be : . to the reaction mi 

ture’ containing LiBr or urea as shown above. The bufferin ity of Li | 
Pee 5 60.9.0) ja aloaoat bide ing capacity of LiBr or urea at th 


vert Fractions I and II into each other by the use of a variety of chemical trea 
ments. Treatment of the original crystalline hexokinase with butanol, cy: 
teine, glutathione, glucose, thiosulfate, sulfite, and cystine resulted in unifor 
failure to alter the chromatographic pattern. Finally, the use of proteolyti 
enzymes proved to be successful in converting Fraction I to Fraction II. Previ- 
ously it has been reported" that trypsin inactivates the yeast hexokinase and 
that glucose has a protective action against the inactivation. This observ. 
tion has been confirmed and extended.’ The crystalline hexokinase was ther 
fore treated with glucose and trypsin and fractionated by the usual DEA i: 
cellulose column chromatography. As shown in FIGURE 7a, all of the activit 


- 
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Conversion of Fraction I to Fraction II. Attempts have been made to om 
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of the enzyme applied on the column was now recovered as Fraction IT and 
there was no Fraction I left after the treatment. A similar effect was observed 
by incubating 120 mg. of first crystals of hexokinase with 20 mg. of chymo- 
trypsin in the presence of 0.1 M of glucose at 33° C. for 60 min.* 

Unequivocal evidence that trypsin converts Fraction I to Fraction II is shown 
In FIGURE 8. In this experiment the isolated Fraction I was treated with tryp- 
sin and is shown to be converted to Fraction II. Ficures 8c and d show re- 
spectively that the converted material is definitely distinct from the origina 
Fraction I and chromatographically indistinguishable from natural Fraction IT! 


8 
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- pH 

Ficure 5. The pH activity curves of Fractions I and II. Reaction mixture for the assay of 
lexokinase activity contained 15 wmoles of ATP, 10 wmoles of MgCl: , 6 wmoles of glucose, and 
mil. of buffer solution in 3m]. The buffer solution consisted of succinate, sodium phosphate, 
“ris, and glycine each 250 umoles/ml. and the desired pH was obtained by addition of NaOH. 
“he reaction was carried out at 30° C., and aliquots were taken every 6 min. for a period of 
8 min. during which the reaction proceeded linearly. The free glucose content in the aliquots 
yas estimated by measuring optical density at 420 my according to Hugget and Nixon.® 


‘In order to test whether a similar proteolytic conversion takes place during 
he usual extraction as shown in the case of yeast phosphoglyceric acid mutase, 
rude extracts were prepared after various times of autolysis of the dried yeast 


- *Tn contrast to the report by other investigators,‘ chymotrypsin was found to have the 
ume inactivating effect as trypsin, although 10 times as much was needed; glucose has a pro- 
sctive effect against the chymotrypsin action, just as with trypsin. From studies carried 
ut with soybean trypsin inhibitor it seems unlikely that the chymotrypsin effect is due to 
ypsin in the preparation. In view of the large amount of enzyme required to produce in- 
son, the possibility still exists that the effect is due to some other proteolytic enzyme 

may be present in the chymotrypsin preparation. This possibility, however, seems rather 
e because two entirely different preparations gave similar results. (One from C. F. 
hringer and Son, GmbH, Mannheim, West Germany, and the other prepared in Neurath’s 
ratory at the University of Washington, Seattle, Wash. and kindly supplied by Jan Van 
; of the Department of Biochemistry, Vanderbilt University School of Medicine.) 
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in phosphate solution at 37°C. and the hexokinase elution pattern of these 
crude extracts was compared. As shown in FIGURE 9, there is no appreciable 
difference between a 30-min. autolysate and a 3-hour autolysate and, even after 
a 24-hour autolysis, an appreciable amount of Fraction I was present (see also 
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FicureE 6. Elution pattern of 5 times recrystallized yeast hexokinase and comparison - 
of ratio ATP-ase/hexokinase of each fraction. The hexokinase was dissolved in 5 X 107° M 
succinate, pH 6.0, dialyzed against the same buffer, and the solution containing about 290 
mg. of protein was placed on a 2.2 X 6 cm. column of DEAE cellulose (succinate form), | 
Effluent was collected from the time of loading the column with the enzyme. A pH gradient 
was established by placing pH 5.1 buffer 5 X 107% M succinate, versene 10 M in mixing 
vessel (2.2 1.) and running in buffer at pH 4.6, 5 X 10-3 M succinate. At the 64th tube the 
reservoir was switched to pH 4.5, 5 X 10-3 M succinate, and at the 117th tube to pH 4.5, 
5 X 10-* M succinate, NaCl] 50mM. At the 151st tube, the reservoir was further changed to 
pH 4.5, 5 X 10-* M succinate, 100 mM NaCl. The rate of flow was 15 ml./7.5 min. and every — 
15 ml. was collected. Tubes 60 to 69, 70 to 79, 80 to 89, 152 to 162, 163 to 175, and 176 t 
190 were combined into fractions 1 to 6 respectively. Each fraction was concentrated by di 
alysis against 15 to 30 per cent polyvinylpyroridinone, 10-2 M cysteine at pH 7.0 for 30 hours. i 
About 30 per cent of the enzymatic activity was lost by the concentration process. For ATP- 
ase assay, reaction mixture contained 1 umole of ATP, 20 umoles of MgCle, 100 wmoles of 
Tris buffer (pH 8.0) and about 0.5 mg. of enzyme per 1 ml. The reaction was carried out at 
30° C. for 1 hour, and aliquots were taken every 20 min. for inorganic phosphate assay. Hexo- 
kinase activity was measured by the usual dye method! after proper dilution of the enzyme.. 
The ratio of these two activities is shown in the inset. Key: O——O, hexokinase activity | 


unit/ml, effluent; @-—--—-—@, optical density X 1000 at 280 my. Right hand ordinate. 7 


FIGURE 3c). However, there is some suggestion in FIGURE 9 that a ae 
amount of Fraction IT is present in the 24-hour autolysate, indicating that con: 
version, though slow, may take place. This predominance of Fraction II w 
more apparent in a separate experiment where a crystalline preparation was 
made from the 24-hour autolysate. Although proteolytic conversion may 
occur upon prolonged extraction, the rate is so small that the presence of Frac 
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ions I and II in the 30-minute extract does not seem to be attributable to a 
hange from I to II by proteolytic action during extraction. 


Discussion 


In the study of multiple forms of enzymes, one must consider the possibility 
9 at least three kinds of artifacts. These are: column artifacts, extraction 
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'¥Ficure 7. Effect of trypsin on elution pattern of the hexokinase. (a) Crystalline hexo- 
Be about 40 mg.) was teed with 8 mg. of twice recrystallized trypsin* in 0.1 M glucose, 
> X 10-4 M versene, 1/50 M Tris buffer (pH 8.0) and incubated for 90 min. There was no 
oss of enzymatic activity during the trypsin treatment. After the incubation the mixture 
vas dialyzed against 10-° M succinate pH 6.0, 10-* M glucose solution for 5 hours and placed 
1a DEAE-cellulose column as described in FIGURE 2. The elution was carried out as usual 
hat the buffer contained 10? M glucose. ; ; Zs 
& ancl elution pattern before treatment with trypsin. Experimental conditions are 
tical to those of FIGURE 2a. 


r a , . . . s tf 
* From Worthington Biochemical Sales Co., New York, N.Y. Ina separate experiment, 
ntical results an obtained with much less trypsin (2 per cent of the hexokinase). 


i 
808 Annals New York Academy of Sciences i 


> 
artifacts, and purification artifacts. These possibilities must be carefully ex- 
amined before the decision is made as to the existence of multiple forms of an — 
enzyme in organisms. Studies with p-glyceraldehyde-3-phosphate dehydro- 
genase” and ribonuclease” respectively, show clearly that column and purifica- 
tion artifacts are responsible in some cases for the presence of multiple forms. 
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Figure 8. Evidence for conversion of Fraction I to Fraction II by trypsin treatment. 

(a) The elution pattern of isolated Fraction I. Ten thousand U. of pooled Fraction 
was chromatographed by the procedure described in FIGURE 2. 

(6) About 30 mg. of pooled Fraction I was mixed with 20 mg. of trypsin in 0.1 M glucose 
1/50 M Tris buffer (pH 8.0) and incubated for 90 min. at 33° C. The mixture was dialyze 
and analyzed chromatographically as described in FIGURE 7a. ; 

(c) One thousand five hundred U. of the converted fraction (the material obtained in 6 
and 1,680 U. of original Fraction I (the same material as used in a) were mixed and chromat 
graphed as in 8a. 

d) One thousand six hundred U. of Fraction IT was mixed with 1300 U. of the convert 


fraction (the material obtained in 5) and analyzed chromatographically under the same con- 
ditions as above. 
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the present case the demonstration of a single peak on rechromatography 

es out the possibility of a column artifact. The existence of two distinct 
actions 1n extracts prepared by four independent and relatively mild extrac- 
on procedures makes it very unlikely that an extraction artifact is responsible 
r the multiple forms. The comparison of the elution pattern of crude ex- 
act and that of the crystalline material makes it clear that the purification 
teps do not produce these two major fractions. Although there is still a 
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Ficure 9. Relationship between period of autolysis and the elution pattern of crude yeast 
xokinase. Extraction of the crude hexokinase was carried out as described in FIGURE 3a 
th the exception of period of autolysis. The chromatography of the extract was done as in 
SURE 3a. Key: » ¢, hexokinase activity, per cent of total/tube; X----X----X, 280 mu 
sorption. Nine hundred and thirty-six U., 1100 U., and 930 U. of the enzyme were ana- 
ed by the DEAE-cellulose column in a, 6, and c respectively. 


mote possibility that Fraction II is the product of yeast proteolytic action on 
action I during extraction, the slowness of conversion during the extraction 
kes this possibility rather unlikely. If a converting enzyme does occur in 
ast, it would be worthy of study, since this could well provide the physio- 
sical mechanism by which these two fractions are produced in the organism. 
Assuming the presence of these two fractions in organisms, the physiological 
nificance of these multiple forms of hexokinase remains totally obscure. In 
sw of the findings by Stadtman et a/.* it is still possible that the presence of 
sse two hexokinases is important in metabolic regulation of alternative path- 


ways of metabolism in the yeast cell. A number of metabolic intermediates ; 
and products should be tested for their differential inhibitory effect on Fractions ; 
T and II. : 

All of the present attempts to find catalytic differences between Fractions I | 
and II have failed. The pH optima, sensitivity toward agents affecting hy- - 
drogen bonding or, sulfhydryl groups, Michaelis constants, and specific activi- - 
ties of the Fractions I and II were identical within experimental error. 

The conversion of Fraction I to the more acidic Fraction II by trypsin or - 
chymotrypsin in the presence of glucose indicates that the conversion probably * 
involves the removal of a peptide moiety rich in basic amino acids. Amino | 
acid analysis of the two fractions, to check this possibility, is in progress. A . 
number of cases have been reported where fragments of enzyme produced by ° 
proteolytic digestion still maintain part of their enzymatic activity (for exam- - 
ples, see Hill and Smith’). The fact that chymotrypsin and trypsin cause : 
similar conversion suggests, of course, that the products are not truly identical. - 
In view of the heterogeneity of Fraction II, as shown in FIGuRE 1, there is a . 
possibility that the chymotrypsin-treated material and trypsin-treated material — 
will prove to be separable chromatographically, though they are both eluted — 
by the NaCl gradient. In either case, it is clear that the peptide that is split 
off is not required for the enzymatic activity. The nature of this conversion 
is currently under investigation. 
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Summary 


Yeast hexokinase has been separated into several fractions by DEAE-cellulose 
column chromatography. The major two fractions (I and II) have been ob- 
tained by pH gradient and NaCl gradient elution respectively. These two 
fractions are identical with respect to a number of characteristics such as Ky 
pH optima, sensitivity to inhibitors, and specific activity of hexokinase as well 
as ATP-ase. Fraction I can be converted to Fraction II by trypsin or chy- 
motrypsin treatment in the presence of glucose. 


Acknowledgment J 

We express our appreciation to Howard C. Mitchell and Clark Simmons, 
who prepared the hexokinase used in this study through the first crystalliza- 
tion step. 


References 


. Pateus, S. & J.B. Nemanps. 1950. Acta Chem. Scand. 4: 1024. 

. Kress, E.G. 1953. J. Biol. Chem. 200: 471. \ 
. Trayser, K. A. & S. P. Cotowicx. Arch, Biochem. Biophys. In press. | 
. Darrow, R. A. & S. P. Cotowicx. 1961. Jn Methods in Enzymology, Volume 


S. P. Colowick & N. O. Kaplan (Editors). In press. Academic Press. New York 
New York. 


. Huccet, A. StG. & D. A. Nrxon. 1957. Biochem. J. 66: 12P. 


. CHEN, P. S., Jr., T. Y. Torrpata & H. WARNER. 1956. Analytical Chem. 28: 1956. 
. Crane, R. K. & F. Lipmann. 1953. J. Biol. Chem. 201: 235. / - 


- KornBErG, A, & W. Pricer, Jr. 1951. J. Biol. Chem. 193: 481. ' 
Bicuer, T. & G. PrtemeErER. 1955. In Methods in Enzymology, Volume I. S. | 


He WN 


Colowick & N. O. Kaplan (Editors) : 435. Academic Press. New York, New Yor 
. Lamanna, C. & M. F. Matterte. 1954. J. Bacteriol. 67: 503. 


. Sots, A., G. De La Fuente, C. Virtar-Parast & C. As oe A iochi 
Bis Ana os ENSIO. 1958. Biochim. B 


as 


1 


Kaji et al.: Yeast Hexokinase 811 


NGTON, W. F. & J. A. ScHELEMAN. 1956. Compt. Rend. Tray. Lab. Carlsberg 
r. Chim. 30: 167. 


L., M. W. SE, S. P. Corowicx & C. F. Corr. 1946. J. Gen. Physiol. 29: 


, T. Kerett & M. Tetecpr. 1960. Acta Physiol. Acad. Sci. Hung. 2: 15. 
R. & S. Parker. 1960. Biochemical Biophysical Research Communications. 


, E. R., G. N. Couen, G. Lepras & H. pE Rosicnon-SzutMajstER. 1961. 
conference. — 7 
L. & E.L. Suite. 1958. J. Biol. Chem. 281: 117. 


THE ISOLATION AND KINETICS OF TWO FORMS OF 
FUMARASE FROM TORULA YEAST* j 


Selma Hayman and Robert A. Alberty 
Department of Chemistry, University of Wisconsin, Madison, Wis. 


Since the mechanism of action of pork-heart fumarase has been investigated 
in considerable detail,’ it would seem valuable to compare the properties of: 
this enzyme with those of a fumarase isolated from a very dissimilar source. 
In the course of the isolation of the enzyme from torula yeast, it became ap-- 
parent that the enzyme occurred in two active forms, and a further study of f 
the two forms was undertaken. a | 


Experimental 


Materials. The yeast used was Candida utilis (formerly known as Torulopsis § 
utilis) produced commercially on spruce wood sugars} and air-dried by the: 
manufacturers at 37°C. 1-Malic acid was A-grade,f and was not purified |! 
further for assays performed during the course of the enzyme purification. . 
For kinetic experiments it was recrystallized from ethyl acetate and petroleum } 
ether Fumaric acid was recrystallized from water and tris(hydroxymethy]) | 
aminomethane (abbreviated as Tris) from 95 per cent ethanol. All other: 
reagents were reagent-grade. Pork-heart fumarase was prepared by a salt : 
fractionating procedure.’ Ethanolyzed cellulose was purchased from the: 
Grycksbo Pappersbruk,§ and type-40 diethylaminoethy] cellulose (DEAE cellu- 
lose) from the Brown Company. || 

Methods. The enzymes were assayed as described in Frieden ef al.* by | 
following the rate of appearance of fumarate by means of the increase in ultra- 
violet absorbency as measured with a Cary Model No. 14 recording spectro- 
photometer equipped with a 0 to 0.1 absorbency slide wire. The concentra- 
tions of the yeast enzymes were expressed as if they have the same turnover 
-number per gram as pork-heart fumarase. Since the torula fumarases have 
not been crystallized and since the data on turnover number that are available 
indicate that this means of expression is not too inaccurate, it has been retained. 
Protein concentration was measured by determining the absorbency at 280 
my in a 1 cm. cuvette. 4 

Column electrophoresis was performed according to the technique of Porat 
on a 3 X 150 cm. column, packed with ethanolyzed cellulose and cooled 
water circulating from a 5°C. bath. The power supply was designed and 
built by the Electrical Engineering Department of the University of Wisconsin, 
according to the specifications of William McShan of the Zoology Department. 

: 


_* The work described in this paper was supported in part by grants from the Nation 
Science Foundation, Washington, D.C., the National Institutes of Health, Public Health 
Service, Bethesda, Md., and the Research Committee of the Graduate School of the Universi 
of Wisconsin from funds supplied by the Wisconsin Alumni Research Foundation. : 

{ By the Lake States Yeast and Chemical Division, St. Regis Paper Company, Rhine- 
lander, Wis. j 

{ From the California Corporation for Biochemical Research, Los Angeles, Calif. A 

§ Grycksbo, Sweden. 

|| Berlin, N. H. 
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‘or DEAE cellulose chromatography, the resin was packed in a small condenser 
f one-half inch diameter. The ultracentrifuge experiments were run in a 
pinco model-E ultracentrifuge using a partition cell with a metal plate. 

All kinetic determinations were made at 25° C., using 0.01 M Tris acetate 
uffer. Ten-cm. cuvettes were used to insure that there would be sufficient 
hange in absorbency during the initial portion of the reaction. Concentra- 
ions of substrate were chosen to span the range of one fifth to five times the 
Michaelis constants in so far as possible, since this range of concentrations 
isually yields initial velocities that obey the Michaelis-Menten equation. It 
vas found that consistent maximum velocities were obtained when a series of 
olutions over a range of pH values were made up at an arbitrary relatively high 
ubstrate concentration, and initial velocities were determined, and then 
naximum velocities were calculated from the Michaelis-Menten equation, us- 
ag the values for Michaelis constants read from a smooth curve of previously 
letermined Michaelis constants versus pH. All maximum velocities were 
ormalized to the same enzyme concentration by dividing them by the initial 
elocity of the standard that consisted of 100 uM malate in 0.01 M Tris acetate 
uffer at pH 7.4. Since the absolute enzyme concentrations were unknown 
or the two torula enzymes, no effort was made to express the results in terms 
f turnover per enzyme molecule. Since the enzymes exhibited a fairly high 
Iss of activity initially, followed by somewhat greater stability, they were 
tored in solution in 0.01 M Tris acetate buffer, pH 7.4, in plastic tubes in an 
se bath for at least one hour before the start of the experiment. In order to 
isure the best possible intercomparison of the kinetic parameters, virtually all 
he determinations were made upon the three enzymes concurrently, using the 
nzymes alternately with standards to permit correction for loss of enzyme 
ctivity during the duration of an experiment. Michaelis constants were cal- 
ulated by means of a least-squares fit of a plot® of v/s versus v, where v is the 
litial velocity and s the substrate concentration. Although the use of a least- 
juares calculation resulted in some degree of arbitrary weighting, the treat- 
vent of the data was consistent. The data were less reliable at low pH values 
there the substrate concentrations were lower and the enzymes less stable. 


Preparation of the Enzymes 


Extraction and salt fractionation. Stirring a suspension of the dried yeast in 
ilute buffer for a few hours at room temperature proved to be a simple and 
fective way of extracting the enzymes. Fifty gm. of dried torula yeast were 
ashed with 150 ml. of water for 30 min. and then centrifuged and resuspended 
1 500 ml. of 0.02 M sodium phosphate buffer, pH 7.3. After the suspension 
ad been stirred for 5 to 6 hours, 5 gm. of manganese sulfate were added to 
recipitate nucleic acids, and the suspension was centrifuged. All ensuing 
eps were at 5°C. The clear orange supernatant was dialyzed overnight 
gainst sufficient saturated ammonium sulfate to achieve a final concentration 
f 75 per cent of saturation. The precipitated enzyme was then suspended in 
ml. of 20 per cent saturated ammonium sulfate (all dilutions of ammonium 
ilfate were made with 0.01 M sodium phosphate buffer, pH 7.3) and dialyzed 
several hours against an appropriate ammonium sulfate concentration toa 
value of 45 per cent of saturation. The precipitate was discarded, and 


t 
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the supernatant enzyme was reprecipitated by dialysis to 75 per cent satura- 
tion of ammonium sulfate. At the conclusion of column fractionations, the 
pooled enzymes were refrecipitated by dialysis to 85 per cent saturation of 
ammonium sulfate. 1 
Column electrophoresis. The column was equilibrated with 0.05 pu sodium 
phosphate buffer, pH 7.6, by washing with 1 or 2 bed volumes of the buffer. : 
The crude enzyme, which had been dissolved in a minimal volume of a dilute 
neutral phosphate buffer, about 0.002 M and dialyzed overnight against several 
changes of the same buffer, was carefully applied to the top of the column and 
washed in with 10 ml. of distilled water followed by the 0.05 » sodium phos- 
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Ficure 1. Column electrophoresis of crude torula fumarase. The enzyme migrated te 
ward the positive pole. The left ordinate designates the enzyme concentration (closed circles), 
and the right ordinate the protein concentration (open circles). The buffer was 0.05 pu sodi 
phosphate, pH 7.6, and electrophoresis was conducted for 45 hours at 50 mAmp. pies 
Ten-ml. fractions were collected at a flow rate of 1 ml. per min. 
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phate buffer. When 50 ml. of solution had flowed from the column, flow was 
shut off, the entire top of the column was filled with buffer, the electrodes w: 
connected so that the positive pole was at the bottom of the column, and elec 
trophoresis was begun and usually continued for 60 hours at 50 mAmp. curren 
with interruptions every 12 hours to permit mixing the contents of the t 
electrode vessels. The enzymes were eluted in 10-ml. fractions at a flow ra 
of 1 ml. per min. The results of 4 column-electrophoresis experiments may 
seen in FIGURES 1 through 4. In FicuRE 1, 2 gm. of crude torula fumarase 
were applied to the column and allowed to migrate for 45 hours. The enzy 
activity broke into 2 well-separated peaks with the protein distributed over t 
entire column, its maximum between the 2 enzyme peaks. Each enzyme, frac 
tion A, the more rapidly migrating, and fraction B, was pooled and rerun o1 
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Ficure 2. Column electrophoresis of fraction A. The same conditions and symbols as 
FIGURE 1, except that electrophoresis was continued for 60 hours. 
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Ficure 3. Column electrophoresis of fraction B. The same conditions and symbols as 
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the column. Neither fraction A (FIGURE 2) nor fraction B (FIGURE 3) showed 
any sign of further fractionation after 60 hours of electrophoresis, although! 
there is visible a trace of fraction A to the left of the main enzyme peak ini 
FIGURE 3. When the 2 fumarases were recombined and once again subjected: 
to electrophoresis, they separated into two peaks of the same mobilities as theys 
exhibited initially (FIGURE 4). Thus the existence of the 2 fractions cannot be’ 
attributed to an aggregation or dissociation on the column. 


Cellulose Ion-Exchange Chromatography 


DEAE cellulose chromatography could be employed effectively either prior: 
to or after column electrophoresis. The precipitated enzyme was dissolved in! 
a minimal volume of 0.01 M sodium phosphate buffer, pH 7.5, and dialyzedi 
against several changes of the same buffer. The column was packed with! 
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Ficure 4. Column electrophoresis of recombined fractions A and B. The same condi-! 
tions as in FIGURE 2. ; 


about 5 gm. of DEAE cellulose, which had been washed with water and allowe 
to settle several times to eliminate the finest particles, and was equilibra 
with the same buffer. After the application of the enzyme to the column a 
a washing-in with about 20 ml. of buffer, elution was started with a lin 
gradient of sodium chloride. Ten-ml. fractions at a flow rate of 1 ml. per mil 
were collected. A typical result with crude fumarase is shown in FIGURE 5. 
As in column electrophoresis, two enzyme peaks are apparent, but fraction B 
was the first to emerge from the column, as one might expect from its less 
negative charge. Repeated DEAE cellulose chromatography of fraction I 
revealed indications of inhomogeneity, as shown in FIGURE 6. Several 
defined peaks are visible, but no further resolution was obtained. This sor 
of behavior may be due to the pooling of fraction Bs from several crude prepa- 
rations after column electrophoresis, but similar treatment of fraction A caus¢ 
no appearance of inhomogeneity. It is possible that the inhomogeneity ¢ 
fraction B might be due to adsorption of contaminants that might be different 
in enzymes of slightly dissimilar histories. 
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The best preparation of fraction B had a specific activity of 0.4, expressed 
Ss equivalent milligrams of pork-heart fumarase per milliliter per unit of ab- 
Irbency of the solution at 280 my with a 1 cm. path length. If one assumes 
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FIGURE 5. DEAE ceilulose chromatography of crude torula fumarase. The left ordinate 
signates the enzyme concentration (open circles), and the right ordinate the protein concen- 
ation (closed circles) and sodium chloride concentration (dashed line). ‘Ten-ml. fractions 
ere collected at a flow rate of 1 ml. per min. 
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Ficure 6. DEAE cellulose chromatography of fraction B. About 5 to 10 mg. of pro- 
n were applied to the column. The right ordinate designates enzyme concentration. 
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at a solution containing 1 mg. of protein per milliliter has an absorbency of 1 
d that the turnover number of torula fumarase is equal to that of pork-heart 
marase, this preparation would be about 40 per cent pure. From the ap- 
arance of the chromatographic results of the experiment by means. of which 
is sample was prepared, the material was obviously less than 100 per cent 
re The most highly purified sample of fraction A had a specific activity 
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of 0.2. However, for kinetic experiments, enzymes with specific activities of f 
0.01 to 0.05 were used. 


Sedimentation Studies 


Approximate values for the sedimentation coefficients of the two impure » 
fractions of torula fumarase were obtained by means of centrifugation in al 
partition cell, followed by determination of the activity distribution in the ul - 
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Ficure 7. A plot of the logarithm of Ky versus pH for fraction A (open circles), fraction : 
B (closed circles), and pork-heart fumarase (dotted circles). 
| 
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tracentrifuge cell. The sedimentation coefficients were calculated with the aid 
of the following equation® 


5 = Jin[ + (1 -=)] 
ot oh Epa 3 rag 


where s is the sedimentation coefficient in reciprocal seconds, w is the angul: 
velocity, “o the distance in centimeters from the center of rotation to the part 
tion, ¢ the time in seconds at full speed, c; the concentration of active materi 
in the top compartment of the cell at the conclusion of centrifugation, and 
the concentration of activity in the original solution. About 5 or 10 mg. 
each enzyme were sedimented at 13°C. in sodium phosphate buffer, pH 7.3, 
0.05 M. for one-half hour at 59,700 rpm. The sedimentation coefficients for 
fractions A and B respectively were 9.5 and 9.7 Svedberg units, which are 
identical within experimental error. 


Results 


Pork-heart-fumarase data have been shown to conform reasonably well to t 7 
following mechanism’ 
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ihere the enzymatic site is considered to be a dibasic acid with the singly pro- 
onated form being the active one. F and M are totally dissociated fumarate 


‘Ficure 8 A plot of the logarithm of Ky versus fH for the three enzymes with the same 
mbols as in FIGURE 7. 


id malate. The ionization constants of the free enzymatic site, Kaz and Koz , 
id apparent ionization constants, KiemcKter, Kasyeand. Kepr , for the 
1zyme-substrate complexes have been determined from plots of V versus pH 
id V/K versus fH with the aid of the following equations: 
Ve (E)o 
1+ (H")/Kine + Kenr/(H") 
Vir (E)o 
1+ (H*)/Kansw + Kosm/(H") 
» 1+ (H")/Kaz + Kos/(H") 
F 7 7 
1 + CT Te ae ae Kne/ (He } 
i Pep LS os h Koa/(H) 
: 0 OTE (HY [Ken + Kenn /(H*) 


re Vr and Vy are the experimentally determined maximum velocities for 
narate and malate; Kp and Ky the Michaelis constants for fumarate and 


es 


Ve= 


ie = 


ere 


c en ieee 
cing 


820 Annals New York Academy of Sciences 


malate; and Vr’, Vu’, Kr’, Ky’ the corresponding pH independent parame- 
ters. We have studied the kinetics of the torula fumarases and pork-heart 
fumarase in order to intercompare their Michaelis constants, maximum veloci- 
ties, and ionization constants. 

A plot of the logarithm of Ky versus pH for the three enzymes is shown in’ 
FIGURE 7. Throughout the fH range there is a significant difference in the 


30 


20 


VM 


tS) 6 + i 8 9 10 


pH 


Ficure 9. Plots of Vu (X10) versus pH for fraction A (a), fraction B k-; 
heart fumarase (c). Values have been t Naess ee aga: 
Rate Vebciey ce TCenicd: corrected for enzyme concentration by division by t 
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alues for the three enzymes. In general the values for fraction A are twice 
hose for fraction B, and four times those for the pork enzyme. In FIGURE 8 
here is a similar plot of Ky. In this case the results for fraction A are con- 
iderably higher than those for fraction B, but the pork-heart values are scat- 
ered somewhere between. The plots of Vx versus pH are in FIGURES 9a toc 
or fraction A, fraction B, and pork-heart fumarase respectively. In all cases 
he plots are bell-shaped and can be fit by use of the above equation, as is 
hown by the solid lines. The pH optima for the three enzymes are 8.1, 7.8, 
nd 7.7 for fraction A, fraction B, and pork-heart fumarase respectively. Al- 
hough the differences are small, they are significant. The plots of Vy versus 
Hare shown in FIGURE 10. In this case only one solid line is plotted, that 
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Ficure 10. Plots of Vr (X10) versus H for the three enzymes. 
3 pork-heart fumarase, because the data for fractions A and B do not fit a 
ell-shaped curve and cannot be described by the usual equation. For neither 
azyme does Vy vary much with pH; there appears merely to be a gradual 
ecrease with increasing pH until pH 8, when there occurs a more rapid decline. 
In FicurEs 11a to ¢ may be seen the plots of 
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VulKu (1 rene ’) 


Kum 


+ 

4.4K F Kur 
r the three enzymes in the usual order. According to the Haldane relation 
1e fumarate and malate plots should be superimposable. This requirement is 
4 for fraction B and pork-heart fumarase, but there is a marked deviation 


the case of fraction A. The deviation may possibly be due to nonrandom 
oo error, 
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Vu X 102 Ht 
ts 11. Plots of et es (+% + ( a2 —) (left ordinate, open circles) and —— VrxXa 


AAR 
en (right ordinate, closed circles) versus pH for fraction A (a), fraction B (6) and 
pork-heart fumarase (c). 
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The ionization constants that could be determined are listed in TABLE 1. 
There are significant differences in the apparent acid ionization constants for 
the three enzyme-malate complexes, although the values for the apparent basic 
ionization constants are identical. There are also differences between the 
ionization constants of the free enzymatic sites of fraction B and pork-heart 


fumarase. 


Discussion 


The research that has been described is not sufficient to establish whether 
the two torula fumarases exist as such in a single yeast cell. It is quite con- 
Ceivable that the rather long period of extraction at room temperature caused 
proteolysis such as that responsible for different forms of chymotrypsin.’ In 


TABLE 1 


IONIZATION CONSTANTS OF THE ENZYMES AND ENZYME- 
SUBSTRATE COMPLEXES 


Fraction A Fraction B Pork-heart 

4 Age 5.9 5.4 

3 pKve 6.7 6.9 

pKaru 7.4 (ie 6.7 

y pKinu 8.7 8.6 8.7 

ee pKisr Br 

<a pKorr 71 
ae 


is case the two enzymes would be merely extraction artifacts. However, 
even so, the phenomenon would be of interest since pork-heart fumarase tends 
to be rather unstable and susceptible to denaturation by very mild treatment. 
- has been shown that when pork-heart enzyme is treated with proteolytic 
ymes,’ the only result is an immediate loss of activity. Another possibility 
#6 presence of more than one strain of yeast in the culture. Although the 
yeast was apparently pure when the culture was started (personal communica- 
ion of Kenneth L. Cartwright*), there may very well have been contamination 
ir mutation at some time in its history. Although the relative proportions of 
ractions A and B remained constant throughout the period of use of one yeast 
ample, there was a definite decrease in the proportion of fraction A when the 
ise of a new sample was begun. The variation might have been caused by 
fferences in strain, culture conditions, or drying conditions. Finally, the two 
zymes might be derived from subparticles of the cell, such as the mitochon- 
a and cytoplasm. This ve to @ be responsible for the existence of mul- 


Whatever the reasons for the presence of two torula fumarases, it is interest- 
ng that they exhibit differences in their kinetic behavior. The variations are 
© subtle that there is no doubt that the enzymes are closely related, but they 
e nevertheless quite real. Small differences in the structure of the enzyme 


* Lake States Yeast and Chemical Division, St. Regis Paper Company. 
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might easily be responsible for the variations that have been observed between 
fractions A and B. There is obviously a difference in electric charge betweem 
forms A and B since this is the basis for the separation. If better results had 
been obtained for the V/K plots for fraction A, it would be possible to com+ 
pare the ionization constants of the active sites of the two enzymes. Once 
again, however, it is unlikely that the differences, if any, would be sufficiently; 
great to implicate different types of ionizing groups. 


Summary 


Two molecular forms of fumarase have been isolated from torula yeast and 
compared in kinetic properties to the previously well-studied pork-heart fu 
marase. The torula enzymes differ from each other and from the pork enzyme: 
in Michaelis constants and in the dependence of maximum velocity upon pH! 
There is a striking difference between the enzymes from the two sources im 
the shape of the plot of maximum velocity with fumarate versus pH. 
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FORMS OF ENZYMES IN INSECT ‘DEVELOPMENT* 


Hans Laufer 
Department of Biology, The Johns Hopkins University, Baltimore, Md. 


The changes in morphology during insect development that result from en- 
docrine interactions must be reflected in changes in the protein constitution of 
Various tissues. While observing such protein changes by zone electrophoresis 
in starch gels in Cecropia (Hyalophora cecropia) and Cynthia (Samia cynthia) 
silk moths at different stages of the life cycle, we began to inquire into the cata- 
lytic activities of these proteins as a possible clue to their normal function. A 
number of the blood and tissue proteins were found to possess enzymatic ac- 
tivities. Such activities included esterases, phosphatases, carbohydrases, lip- 
ases, sulfatases, and chymotrypsins. All of these appeared in multiple bands in 
starch-gel electrophoresis (Laufer, 1960). Dehydrogenating enzymes, namely 
malic dehydrogenase (MDH), a-glycerophosphate dehydrogenase (GPDH), 
and lactic dehydrogenase (LDH) were also observed to occur in multiple 
bands. 

_ The present study indicates the existence of isozymes among the hydrolytic 
and dehydrogenating enzymes that occur in cell-free blood preparations. The 
Stage of development is correlated with the occurrence of changes in the ob- 
served proteins and enzymatic activities of the blood. The question of where 
these multiple molecular forms are elaborated is studied by examining tissues 
for the release of particular proteins into the blood. Furthermore, physiologi- 
eal and endocrinological factors that influence and regulate some of these en- 
zymes are discussed. Finally, a possible functional significance for some of the 
multimolecular forms of enzymes is suggested. 

a Methods and Materials 

‘ Animals. The specimens of Cecropia and Cynthia used in these studies were 
collected in nature as pupae. Developing adults were obtained by incubating 


a chilled for a sufficiently long period at 4 to 6° C. to permit them to break 


liapause, a stage of arrested development. Cynthia larvae were raised from 
ses on Ailanthus trees. Blood and tissue extracts were prepared as described 
eviously (Laufer, 1960). 
_ Electrophoretic analysis for enzyme activity. The clear supernatant solutions 
obtained after centrifugation of samples were analyzed by zone electrophoresis 
starch gels and stained for hydrolytic enzyme activity essentially, as described 
> Hunter and Markert (Laufer, 1960). Dehydrogenase activity was assayed 
ith phenazine methosulfate, neotetrazolium, diphosphopyridine nucleotide . 
N), substrate, and buffer as modified from Nachlas et al. 1960 (Laufer, 
1961). The only changes have been the replacement of barbital with Tris 
buffer, 0.02 M, pH of 8.6, in electrophoresis, and 0.2 M for dehydrogenase 


ay . . “ 
Organ culture. A technique destined to be applied more extensively in the 


* The work reported in this paper was supported in part by research grant G-9833 from the 
tional Science Foundation, Washington, D.C. 
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future for the study of isozymes and for other developmental phenomena is the 
preparation of organ cultures. Its particular utility here lies in its ability tc 
distinguish sites of synthesis from regions of storage or accumulation. Forty, 
cultures of fat body (200 to 400 mg. of tissue) were incubated in watch glasses 
containing 0.5 ml. of medium consisting of a mixture of 2 parts tissue culture 
medium 199 or 1066 from Cappel Products, 4 parts of Ephrussi-Beadle Insect 
Ringer’s solution, and 1 part of insect blood previously heat-treated and centri 
fuged clear of precipitate. In preliminary experiments, cultures appeareci 
healthy for at least 4 days and, when the heart was included with fat body, it 
commonly beat for 7 to 10 days when the medium was renewed every 3 or 4 
days. 

The period of culture was limited to 18 hours to assure maximal viability) 
The medium was collected and pooled from several cultures, and the proteir 
precipitated by saturation with ammonium sulfate after preliminary centrifuga+ 
tion. The precipitate was repeatedly washed with ammonium sulfate, anc: 
was finally dissolved in a minimum of Ringer’s solution. In the case of soma 
preliminary experiments on the incorporation of radioactively labeled aminc 
acids, the precipitate was repeatedly washed with ammonium sulfate until the 
supernatant was essentially free of radioactivity. The concentrated proteiri 
solution was analyzed by means of zone electrophoresis in starch gels and the 
radioactivity of the proteins was estimated. 


Results and Discussion 


Qualitative and quantitative changes in proteins and enzymes are observe 
during the postembryonic development of the giant silk moths. Alterations ir 
activity at different stages of development are shown in representative zymo- 
gram patterns (FIGURE 1; see also Laufer, 1960, 1961). Many of the enzymes 
appear to exist in multiple forms. Here, as in other organisms, there is a stage 
and tissue specificity in the patterns observed. : 

Multiple forms of enzymes. In regard to the esterases: at least 8 different 
esterase bands were detected in Cecropia blood at the beginning of adult de- 
velopment with a-naphthyl butyrate as the substrate and fast blue BB as cou- 
pler. At earlier and later stages of development fewer bands were detected. 

We were concerned, therefore, lest these numerous bands represent artifacts 
of the technique, such as differential absorption of one or a few esterases upor 
the major blood proteins. Of the 8 esterases observed in developing Cecropia. 
4 migrate along with the major protein fractions, 2 precede the major proteins. 
and 2 migrate negatively at pH 8.6 and are associated with minor protein con- 
stituents (FIGURE 2). 

Three of the positively migrating esterases have been separated by the use ofa 
DEAE column by the method of Sober e¢ al., 1956 (FIGURE 3). The other: 
were not recovered from the column in a limited number of experiments. Thos« 
that were recovered assumed the same position on reapplication on the starck 
gel and electrophoresis as they had occupied before, without giving rise to sub: 
fractions in other positions. Included were (1) the esterase migrating with pro 
tein 1, the major blood protein; (2) a slow esterase; and (3) one of the rapidly 
migrating and active esterases. Two of these esterases tested immunochemi 
cally were found to be distinct from one another, as revealed by agar-gel diffu. 
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sion and histochemical staining of the antigen-antibody precipitates. These 
esterases retained their enzymatic activity when in combination with their re- 

“Spective antibodies. 

__ The tissue specificity of the esterase patterns was demonstrated by the use of 
homogenates of individual tissues (FIGURE 4). The tissues such as the midgut 
and fat body contained esterases with migratory properties similar to compo- 
nents present in the blood. In several instances other enzyme activities were 
located in the same positions in the zymograms as were occupied by esterases. 
Identity of mobility in starch electrophoresis does not, of course, indicate an 


faonm— 


Ficure 1. Electrophoretic separation of blood protein from several developmental stages 
of Cynthia stained for esterases with a-naphthyl butyrate as the substrate. Enzymatic ac- 
tivity is revealed by coupling the naphthol resulting from the hydrolysis with fast blue BB. 
The complex, indicating the location of esterase, appears as a black region in the starch. 
Several esterases are observed. During diapause certain components have diminished ac- 
tivity. Reprinted from Laufer (1960). 


identity of the proteins. Further tests, described below, showed that the es- 
terases of the blood were in some cases related to those of the fat body and in 
others to those of the midgut. 
_ Substrate and inhibitor specificities of the blood esterases were tested (FIGURE 
2). One of the more active bands was inhibited by 1 X 10~* M eserine, whereas 
the remainder retained their original activity. Of the eight esterases observed 
in Cecropia pupae developing to the adult stage, two were preferentially active 
zi indoxyl-butyrate as the substrate; two others were distinguished by their 
tivity toward B-naphthyl caprylate. The esterases would seem to fall into 
asses or groups, based on substrate specificity, within which they have not been 
tinguished. These are, therefore, probably isozymes. Examination of the 
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phosphatases, carbohydrases, chymotrypsins, and others have not progressed 
far enough even to suggest whether these represent separate enzymes or multi- 
molecular forms of the same enzyme. ie 
Multiple forms of dehydrogenases. Malic dehydrogenase (MDH) activity 
was observed in multiple forms in both species of silk moths studied (FIGURES 5 
and 6). FiGuRE 5 is a schematic summary of assays performed on blood from 


Ficure 2. As many as eight esterases are found in Cecropia developing into adults. The 
six bands migrating toward the anode are shown (the origin is at the bottom of this figure)., 
The blood sample was incubated in different substrates, or in the presence of the inhibitor’ 
eserine. Substrate and inhibitor specificities for some of the esterases are demonstrated. | 


Those that can not be distinguished by such methods are considered to be isozymes. Re-: 
printed from Laufer (1960). | 


Cynthia taken at several developmental stages. The apparent lack of MDH 
activity during diapause indicates reduced activity, but should not be con-- 
sidered as demonstrating the absence of this enzyme since formazan production | 
can be detected in blood of diapausing animals both in test-tube reactions and 
in starch-gel electrophoresis under special conditions of increased reactants and 
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cate the complete absence of the enzyme, since the intact cytochrome system 
was most probably functioning (Kurland and Schneiderman, 1959). 

As many as three different bands of MDH were resolved in starch gels when 
Cecropia develops into the adult (r1GuRE 6). One of these bands is active in 
the diapausing pupa. A second one is present with low activity, while a third 
is not detectable at this time. During development the component active in 
diapause loses most of its activity, and the other two become more active. 
a-GPDH was observed in multiple forms in both Cecropia and Cynthia blood 
(PIGURE 5). Greater activity in both cases occurs during late larval life and 
during development of the adult than during diapause in the pupa. In an in- 
vestigation of a-GPDH in insects, Zebe and McShane (1957) found two such 
different forms: one was soluble and DPN-associated, the second was insoluble, 
probably localized on the mitochondria, and cytochrome-linked. These proteins 
would probably be considered distinct enzymes. The dehydrogenases in the 
present report, however, are all soluble and, therefore, more similar to the first 
type. The nature of the differences between them is still to be learned. 

Identity of enzyme activity of some isozymes may be apparent only in starch 
gel electrophoresis for, if the enzymes are located in different parts of the cell, 
or if they function under different physical or chemical conditions, they actually 
serve different functions. 

While the pattern of Cynthia blood has revealed multiple forms of LDH, only 
one band has so far been observed in Cecropia. Blood LDHs in Cynthia occur 
in at least three components (FIGURE 5): one that functions throughout develop- 
ment of the pupa and into adulthood, and two others that cease to function 
during diapause. These observations on dehydrogenases are in essential agree- 
ment with the well-known increase of metabolic activity at the onset of develop- 
ment. Other enzymes have been shown to behave similarly (Laufer, 1960, 
1961). This change is of particular interest, as it occurs at the time when the 
molting hormone ecdysone is known to be active and the metabolism is shifted 
from being predominantly anaerobic (and cyanide insensitive) to one that is 
both highly aerobic, and cyanide and monoxide sensitive. This suggests that 
multiple forms of enzymes may participate in metabolism in specific ways. 
Perhaps certain dehydrogenases are more efficient for a relatively anaerobic 
metabolism, while others are effective under aerobic conditions. This situation 
might be comparable to the hemoglobins in man (Thomas et al., 1960), where 
Bea hemoglobin is synthesized for the relatively anaerobic foetal environment, 
and the adult form is produced for life in a more aerobic environment. Evi- 

nce that isozymic forms of an enzyme may have different substrate affinities 
ies in the different Michaelis constants obtained for LDHs under a variety of 
jhysiological and pathological conditions in man (see for example Hess, 1958; 

, 1958). While the range of values is not very great, the K,, here represents 

average for the mixture of blood isozymes. The Ks of the individual com- 
ponents may differ considerably from one another. Perhaps the multiple 
s of enzymes in some of these cases represent components of alternative 
tabolic pathways, some of which are always functioning and others operative 
ly during specific active phases of development. 
Sources and dispositions of blood enzymes. To determine whether the multi- 
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Fractions obtained by elution of insect haemolymph from DEAE columnr 
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Ficure 3. Cecropia blood (hemolymph) was separated into several protein fractions by 
means of a DEAE column. The fractions were then subjected to zone electrophoresis in 
starch and were also tested for enzymatic and antigenic activity. These experiments showed 
that no conversion of proteins of one mobility were altered to that of another. Immunochemi- 
cal diversity of certain fractions and purity of others were also demonstrated. 

One representative series of experiments is illustrated. Three major protein peaks and a 
minor one were recovered from the column. The first peak was inhomogeneous. It con- 
tained ‘several proteins, including proteins 2 and 4 as revealed by electrophoresis (the most 
rapidly migrating major constituent was designated as No. 1). Several antigens were shown 
to be present in the peak by the method of agar-diffusion immunochemistry (see below). 

Tubes 48 to 54, comprising the second peak fractionated by DEAE, contained the most 
conspicious electrophoretic component, protein 1. Tubes 58 to 65 contained what was prob- 
ably protein 3. Tube 69 contained only a small amount of protein but included virtually all 
of Sheet rapidly migrating blood-esterase which proved to be homogeneous in agar diffusion 
analysis. 

Protein peak number 2 (tubes 48 to 54) contained another esterase as well as phosphatase 
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‘molecular forms of enzymes of the blood are incorporated in the formation of 
. Ussues or cells, an examination of one type of cell was undertaken. The 
analysis of mature ovarian eggs suggested that blood-born enzymes can be uti- 


~ 


3 
_ Ficure 4. Extracts prepared from tissues show that the tissues contain enzymes that 
produce specific patterns in zone electrophoresis. Here fat body, two blocks to the left, and 
eet, the two blocks to the right, are compared with two different blood samples, inserted 
in the center of each block, and epidermis on the right of each block with and without the 
oe of the inhibitor eserine. Certain of the esterases are shared by the tissues and blood, 

ers exist in the individual tissues. Experimental procedures revealed that some of the 
blood esterases are probably contributed by the midgut and others by the fat body. 


2 

lized directly in adult structures. Several of the blood enzymes seemed to be 
represented among the egg contents (Laufer, 1960, 1961). These include two 
DHs, two a-GPDHs and one LDH in Cynthia. Immunochemical evidence 


activity, while the third peak isolated possesses yet another of the esterases. Thus three es- 

erases were separated by this procedure. Immunochemical tests, by means of agar-diffusion 
juchterlony techniques, see the lower part of this figure; also Laufer, 1960), revealed that these 

hree fractions were immunologically distinct, and that two of the esterases retained their en- 
matic activities while in combination with their respective antibody making possible the 
sitive identification of antigen as enzyme. ‘This is illustrated by the immune precipitates 
hat show up in agar as discrete bands wherever antigen and antibody occur in appropriate 

‘oncentration. 

_ The plates on the left and in the center were photographed by transmitted light. The 
on the right is the same as the one in the middle except it was photographed by direct 
nt after esterase staining. The antiserum to Cecropia blood was placed in the central 

eservoir. The reservoir at the upper center of each plate was filled with the unfractionated 

otein solution as antigen. The other reservoirs were filled with the protein fraction as they 

‘ere eluted from the column. igs 

The antigens of the plate on the left were all taken from tubes comprising the first peak. 

n clockwise order, starting from the control reservoir, were samples of tubes 8, 10, 13, 16, and 
_ The middle (and right) plate aside from the control antigen, contained samples from 

tbes 49, 52, 60, 63, and 69. Note the heterogeneity of the first peak eluted from the column. 
e fractions of the second, third, and fourth peaks have a relatively higher pufity. Esterase 
ivity, which was antigenically distinct from that of the other esterases, occurred in the 

three peaks. The dark bands in the plate on the lower left represent esterase activity of 


mune precipitates. 
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also indicated that blood antigens were utilized specifically and, in some cases’ 

selectively incorporated into eggs (Telfer, 1954, 1960). 
Examination of several tissues further suggested that the multiple forms ob 

enzymes might be synthesized by different organs. Experimental analysis: 


OOO) ees ye 


FicureE 5. Representative patterns of Cynthia blood oad at different stages of de- 
velopment. The enzyme assays show the presence of malic ehydrogenase (MDH), lactic 
dehydrogenase (LDH) and a-glycerophosphate dehydrogenase (a-GPDH) in multiple forms 
during the life of Cynthia. The absence of a positive test does not necessarily indicate the 


absence of enzyme, but may imply an activity below the limits of detectability under test 
conditions. | 


The MDH activity is generally greater than that of the other two dehydrogenases. Duri 
diapause the activities of the dehydrogenases is usually lower than before or after this stage. 


showed that the midgut was responsible for the activity of at least two blood 
esterases, the fat body for that of several others. In the case of the midgut, it 
could be shown that extirpation of this structure in Cynthia pupae prevented 
the appearance of these esterases, which normally occurred after plasmaphoresis 
or during development of the adult. With the reimplantation of a midgut, 
these proteins reappeared in the blood, ; 


: 
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_ Our earlier study revealed that four major protein components present in the 
blood of female Cynthia can also be detected in fat-body homogenates, though 
at different concentrations than in the blood. Organ cultures revealed that 
two of these are detectable in culture media of fat body derived from diapausing 
‘pupae. One of these proteins corresponded to protein 2 and the other to a 


: 2 Sey 

= < 

C fe) 
. . . 
*§ Ficure 6. (Left) Malic dehydrogenase activity in blood of Cecropia sampled during dia- 


ause and development of the adult. At least two components of this enzyme are detected in 
lood of diapausing pupae; while a minimum of three exist in the development of the adult. 
here is an increase in MDH activity during this development as well as a shift in the relative 
ctivities of the component isozymes. bp, ; ‘ 

_ (Right) a-Glycerophosphate dehydrogenase activity of blood from diapausing and develop- 
gCecropia. At least two components of this enzyme are detectable during diapause and two 
iring development, but there is an increased activity and a shift in the relative activities of 
e isozymes during development of the adult. 


“female” or “egg” protein. Radioactivity from C™-leucine is relatively high 
n the region of the negatively migrating esterases associated with wounding 
Laufer, unpublished data). Increased radioactivity in this negatively mi- 
rating fraction, and increased esterase activity is also observed with normally 
leveloping and wounded animals. Of still greater interest was the finding that a 
IDH that corresponds to a blood enzyme in its mobility was elaborated into 
ie organ culture medium by the fat body. Shigematsu (1958) observed two 
fajor proteins corresponding to blood constituents in cultures of fat body de- 
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rived from 5th instar larva. The 5th instar fat body probably synthesized tha 
major protein, “protein one” at this stage. 

While many of the proteins appear to be synthesized de novo by the tissues: 
as indicated by the incorporation of labeled amino acid into proteins, other 
blood proteins may be released into the blood by lysis of tissue. This seems tc 
be an important factor in the elaboration of blood proteins. Indeed, the hydro- 
lytic enzymes, some of which are proteolytic in nature, may function in the 
tissue breakdown that is known to occur during normal development and meta+ 
morphosis. It would not be surprising if some of the enzymes, particularl 
those hydrolytic ones with pH optima in the acid range (such as sulphatase, 
chymotrypsin, and certain esterases) were derived from lysosomes. That lyso-+ 
somes may function in insect metamorphosis has been suggested by DeDuve: 
(1959). 

Extirpation of the brain, which secretes a hormone necessary for further de~ 
velopment, resulted in a reduced elaboration of proteins into the blood if the 
operation was performed prior to the appearance of major blood proteins in the: 
last larval stage (Laufer, 1960). 


Conclusions 


Most of the hydrolytic enzymes found in insect blood and tissues have distinct: 
specificities toward model substrates, yet these studies have revealed severall 
groups that could not be distinguished except by their electrophoretic mobilities. 
In the case of the dehydrogenases, which are assayed with physiological sub- 
strates, the existence of multimolecular forms with differing electrophoretic 
mobilities indicates that these enzymes are isozymes. The independent ap- 
pearance of individual components during specific developmental stages and the 
tissue specificity of these components suggest that the possibility for artifact is 
small. A lack of interconversion from one component into another in time, 
when a mixture is incubated, again argues for the same conclusion, namely that 
the multiple bands of dehydrogenases observed in insect blood and tissues are 
indeed isozymes. 

The regulation of the tissue and stage specificities of insect enzymes—for 
example, those associated with the initiation of development—is clearly under 
hormonal control. 

From general genetic considerations one would expect that the chromosomes, 
in giving expression to the developmental capacities of an insect, determine its 
enzymatic patterns. Certain insect enzymes such as an esterase (Oppenoorth 
and van Asperen, 1960), two carbohydrases (Kikawa, 1953), and a dehydro- 
genase (Hadorn, 1958) have been shown to be genetically determined. 4 

A striking parallel to the multimolecular enzyme patterns in silkworms lies 
in the structure of polytenic chromosomes in several species of diptera. In 
these insects the chromosomes have puffing patterns that are specific for each 
tissue and change during development (Beerman, 1958; Breuer and Pavan, 
1955). These puffs, or Balbiani rings, have been interpreted as particularly 
active functioning sites. Furthermore, Clever and Karlson (1960) reported re- 
cently that the puffing pattern of Chironomus salivary chromosomes could be 
altered precociously by the administration of ecdysone, the hormone that nor- 
mally initiates the development of the insect. It may be, then, as these authors 

7 


j 
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suggest (see also Schneiderman and Gilbert, 1959), that the insect hormones act 
in development by regulating enzymes by acting on specific sites of the chromo- 
somes, the isozymes being a particular expression of these developmental inter- 
actions. 
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LOCALIZATION OF SERUM LEUCINE AMINOPEPTIDASE, 5-NU 
CLEOTIDASE, AND NONSPECIFIC ALKALINE PHOSPHATASE 
BY STARCH-GEL ELECTROPHORESIS: CLINICAL AND 
BIOCHEMICAL SIGNIFICANCE IN DISEASE STATES 


O. Dhodanand Kowlessar, Lorraine J. Haeffner, Erla M. Riley 
Department of Medicine, New York Hospital-Cornell Medical Center, New York, NY; 


Nonspecific alkaline phosphatase (AP), 5-nucleotidase (SN), and leucina 
aminopeptidase (LAP) are elevated in a wide variety of diseases affecting tha 
pancreas and the hepatobiliary tree.!* Nonspecific alkaline phosphatase also 
rises in osteoblastic bone disease,*? but LAP and 5N are normal.!'* Howevert 
high levels of all three enzymes are found in metastatic disease both to bona 
and liver. 

Electrophoresis of AP, 5N, and LAP in normal serum and in serum from pa- 
tients with diseases involving the liver, biliary tree, pancreas, and bone was per-~ 
formed in order to measure qualitative differences. In normal sera a single 
prominent peak for both LAP and 5N and two peaks for AP were obtained! 
In the various diseases, augmentation of the normal peaks and/or additional 
peaks were noted. 


Method 


All sera were obtained in the fasting state from normal healthy subjects and 
from patients on the medical and surgical wards of The New York Hospital, 
New York, N. Y., whose diagnoses were confirmed either by biopsy, surgical 
exploration, autopsy, or by their clinical courses. 

The study groups for AP, 5N, and LAP are listed in TABLEs 1 and 2, andi 
include, in addition to normal subjects and pregnancy, a wide variety of dis- 
eases of the pancreas, bone, and hepatobiliary tract. | 

Serum proteins were separated by zone electrophoresis, according to a modi- 
fication of the starch-gel method of Smithies.4> Electrophoresis was carried 
out at 12°C. at 4.5 v per cm. for 16 hours. The gels were then scored in one- 
half cm. sections, and each was cut in half along the horizontal plane. One half 
was stained for protein with a saturated solution of naphthalene black 12B 200,! 
and the other was cut in 0.5 cm. sections that were placed directly into tubes 
containing the necessary amount of buffered substrates for AP, 5N, and LAP 
respectively. AP and 5N were determined by a modification of the method of 
Dixon and Purdom,° using 6-glycerophosphate and adenosine-5-phosphate as 
substrates respectively. LAP was determined by the method of Goldbarg and 
Rutenburg,’ utilizing a chromogenic substrate, 1-leucyl-6-naphthylamide hy- 
drochloride. Activity under each peak for AP and LAP was expressed as per- 
centage of the sum total of all 0.5 cm. sections of the gel strips (TaBLEs 1 and 2). 

In later experiments protein was measured in each 0.5 cm. section from starch- 
gel strips, 4.5 cm. wide. The techniques for staining and cutting of the gel, 
elution, and protein determination have been described.2 On one occasion 
phosphoethanolamine was used as the substrate instead of 6-glycerophosphate 
in determining the activity of AP in a patient with obstructive jaundice. _ 
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Results 


Alkaline phosphatase and 5-nucleotidase. Two alkaline phosphatases are 
noted in sera of normal adults, children, and of patients with elevated AP sec- 
ondary to bone diseases: Paget’s disease, osteomalacia, and metastatic carci- 
noma. One migrates in the region of the origin to the slow alpha-2 region, and 
comprises 2 to 4 per cent of the total AP; the other in the alpha-beta component, 
Specifically in the beta-globulin and fast alpha-2 region, and accounts for 86 to 
96 per cent of the total AP, while in biliary cirrhosis the peak in the region of 
the origin to the slow alpha-2 region comprises 23 + 6.0 per cent, and that in 


TABLE 1 


-*ELECTROPHORETIC DiIsTRIBUTION OF NONSPECIFIC ALKALINE PHOSPHATASE 
(AP) in SERUM 


Mean per cent activity and standard 
deviation of mean in each peak 
Diagnosis No. studied Heo pee 
E.Giebul | Ofieint | preabuming 
Normal subjects 10 2 06+3|2 + 0.05 0 
Paget’s disease 8 2 9245/2 + 0.05 0 
Normal children 4 2 8 +3 |4 +0,5 0) 
Metastatic bone dis- 
ease 3 2 90+2/3 + 0.05 0 
Hyperthyroidism . 2 2 90 3 = 0 
Osteomalacia secondary 
~ to malabsorption 4 2 90+4/3.541 0 
Biliary cirrhosis 8 2, 70 +5 |23 + 6.0 0 
siliary obstruction sec- 
~ ondary to choledocho- 
lithiasis and/or car- 
es : 4 3 68 +7 17 +5.0)/8+0.5 
Infiltrative eee of 
the liver: lymphoma 
eo" 4 3 70+ 8 |14 + 6.0|3 + 0.05 
ennec’s cirrhosis 4 3 72 SES 1 = S20) 4022 
fetastatic liver disease 3 66 +3 16 +2.5/5+0.1 


‘ beta-globulin and fast alpha-2 region comprises 70.0.4 6.0 per cent of the 


al AP (TABLE 1; FIGURE 1). 

_ Three electrophoretic peaks of AP are found in patients with biliary obstruc- 
tion secondary to choledocholithiasis and/or carcinoma of the pancreas, infil- 
rative diseases of the liver, Laennec’s cirrhosis, and metastatic carcinoma to the 
liver (ricuREs 2, 3). The major peak, 66 to 72 per cent of the total, resides in 
the beta-globulin and fast alpha-2 component; 11 to 23 per cent is in the origin- 
to-slow alpha-2 peak, and 3 to 8 per cent is in the prealbumin-2 area. Phos- 
phoethanolamine as substrate did not alter the peaks of AP activity in a patient 
wit h obstructive jaundice (FIGURE 4). =A 
Tn all diseases as well as normals, 5N exhibited a single peak of activity, re- 
siding in the region of the origin-to-slow alpha-2. Specifically, there was no SN 
vity in the alpha-beta component. In biliary cirrhosis, biliary. obstruction, 
ifiltrative disease of the liver, Laennec’s cirrhosis, and metastatic carcinoma 


— 
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to the liver, the normal peak was augmented, but was unchanged in childr 
and in diseases of bone (FIGURES 1, 2, and 3). 

Leucine aminopeptidase. The diseases studied, the number of peaks of LAE 
and the activity of each peak expressed as percentage of the sum total of all 0.) 
cm. sections of the gel are detailed in TABLE 2. The major zone of LAP a 


TABLE 2 


ELECTORPHORETIC DISTRIBUTION OF LEUCINE AMINOPEPTIDASE (LAP) IN 
SERUM AND Bopy FLuIps 


Mean per cent activity and standard ~ 
deviation of mean in each peak* 
Diagnosis No. studied hae Pb sesh ; 
Postalbumin | Origin-to- | Alpha-2 toi 
to postalbumin slow a 2 6-globulin p 
Normal subjects 8 1 67.5 + 2.2 0 0 
Biliary cirrhosis 6 2 68.0 + 1.4, 11 + 2.0 0 
Toxic hepatitis secondary to j 
Mitomycin 1 2 55.0 30 0 
Acute infectious hepatitis 
with cholestasis 4 2 48.0 + 5.0/26.0 + 4.0 0 
Acute infectious hepatitis 6 3 57.0 + 2.5)9.5 + 1.0) 1440. 
Infectious hepatitis  (re- 
covered) 3 1 66.0 + 3.4 0 0 
Laennec’s cirrhosis with 
acute fatty infiltration 5 3 58.0 + 1.8) 8 + 0.4) 20 + 0. 
Laennec’s cirrhosis after re- 
covery 2 1 68.0 0 0 
Lymphoma 1 3 68.0 5 14 
Hodgkin’s disease 2 3 70.0 5) 12 
Sarcoidosis 1 3 67.0 5 14 
Common duct stone 2 3 45.0 15 ile 
Carcinoma pancreas with 
elevated LAP{ 5 3 48.0 + 0.44 15 + 0.5] 15 + 1): 
Carcinoma of head of pan- 4 
creas. with normal LAPT 2 1 65.0 0 0 
Metastatic carcinoma to : 
liver 4 3 45.0 + 2.1) 15 + 1.1) 12 + 1. 
Infectious mononucleosis 1 3 45 12 2 
Pregnancy (at term) 4 & 13.0 + 4.5 0 50 + 4): 
Bile 3 1 80 + 1§ 0 0% 
Ascitic fluid 1 1 80§ 0 04 
Pleural fluid 1 1 82§ 0 Oe 
a —- 


* Mean per cent and standard deviation of the mean per cent when more than two speci 
mens were studied. ; 
} Tumors had either obstructed common bile duct or metastasized to liver. 
t Tumors neither obstructed common duct nor metastasized to liver. 
§ Specimens were diluted 1:1 with normal serum. 


ee oe 


tivity coincides exactly with the postalbumin fraction of serum, or lies in th 
region of the fast alpha-2 and postalbumin fractions. 3 

A single peak of LAP activity was present in the sera of all 8 normal subjects 
In 6 specimens, this peak coincided exactly with the postalbumin fraction o 
serum but, in two instances, it lay in the region of the fast alpha-2 and post 
albumin fractions. In 40 pathological sera, there was significant activity ii 
the region between the origin-to-slow alpha-2 and, in 27 of these, a peak of ac 
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tivity was also found in the region of the slow alpha-2 and beta-globulin frac- 
tion. This peak was noted as well in 4 pregnant women at term (FIGURE 5), 
' Three peaks of LAP activity were consistently found in all these cases: acute 
infectious hepatitis; infiltrative diseases of the liver, that is, lymphosarcoma, 
sarcoidosis, and Hodgkin’s disease; obstructive jaundice, secondary to common 
bile duct stone or tumor; Laennec’s cirrhosis with acute fatty infiltration; and 
metastatic carcinoma of the liver. 

Two peaks of LAP activity were noted in 1 patient with intrahepatic choles- 


G Alkaline phosphatase 
5-Nucleotidose 


7) BILIARY CIRRHOSIS 


PAGETS DISEASE 


{2 Alkaline phosphotose 
§§ 5-Nucleotidase 


Alkaline phosphatase 
§5-Nucleotidase 
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Ficure 1. Localization of nonspecific alkaline phosphatase (AP) and 5-nucleotidase (5N) 
starch-gel electrophoresis. The graph demonstrates peaks of enzyme activities in a 

al subject and in patients with biliary cirrhosis and Paget’s disease. AP and 5N peaks 
‘Similar electrophoretic mobilities were obtained in normal children, osteomalacia, hyper- 
yroidism, and metastatic bone disease. 


* 
is associated with Mitomycin therapy, in 4 patients with acute infectious 
epatitis with intrahepatic cholestasis, and in 6 patients with primary biliary 
irrhosis. The predominant peak resides in the postalbumin or fast alpha-2- 
ostalbumin fraction, and the other in the region between the origin and slow 
ha-2 fraction (TABLE 2). 
Upon complete clinical and biochemical recovery of the 4 patients with acute 
epatitis without cholestasis and of the 2 patients with fatty infiltration of the 
er, only the single, normal peak in the postalbumin or fast alpha-2 to post- 
umin fractions could be seen. A similar observation was made after removal 
common duct stone in 2 patients. The disappearance of the two peaks in 
diseases coincided with the fall of serum LAP to normal. 


840 Annals New York Academy of Sciences 


Two peaks of LAP activity were noted in the sera of 4 pregnant women a 
term. The predominant peak resided in the alpha-2 to beta-globulin fractio 
and the other in the normal, fast alpha-2 to postalbumin fraction (FIGURE 5) 
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Ficure 2. Localization of serum AP and 5N in infiltrative disease of the liver (lympho 
sarcoma). 
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Ficure 3. Localization of serum AP and 5N in Laennec’s cirrhosis. 


Discussion 


Alkaline phosphatase and 5-nucleotidase. Using paper electrophoresis, Bake 
and Pellegrino* localized alkaline phosphatase activity in the alpha-2 globulin 
and, in some cases, observed an additional zone of activity in the beta globulins 
Rosenberg,’ using starch-block electrophoresis, observed that the predominan 
component was located in the alpha-2 zone, with an additional fraction in th 
alpha-1 globulin zone. In our studies the major zone of AP activity reside 
in the alpha-beta component, located principally in the region of the beta globu 
lin or in the beta-globulin to fast alpha-2 region (FIcuREs 1 to 4). Lesser peak 
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 Ficure 4. Localization of serum AP and 5N in obstructive jaundice: (upper) B-glycero- 
ee as substrate for AP; (lower) phosphoethanolamine as substrate for AP. Peaks of 
activity with either substrate are superimposable. 
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Localization of serum LAP in pregnancy 
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FicuRE 5. Localization of serum leucine aminopeptidase (LAP) in serum from a preg- 
t female at term. 
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of activities were found in the origin-to-slow alpha-2 region and in the prealb 
min-2 areas. At present we have no evidence that the activity located in thes: 
areas corresponds to the actvity found in the alpha-1 zone on starch block. 

The alkaline phosphatase migrating in the alpha-beta zone is the predomina 
component of serum AP, regardless of the disease. Because of the similarity C 
electrophoretic mobility of AP from normal serum and from sera of patienti 
with bone disease, a zone that is devoid of 5N activity, it is likely that bone i 
the principal source of serum AP. The alkaline phosphatase in the origin-tc 
slow alpha-2 region and in the prealbumin-2 areas is probably derived from th 
liver. That the distribution of AP activity was not changed with phosphc 
ethanolamine as substrate indicates only that AP from liver or intestine cai 
hydrolyze this substrate as well as bone AP™ (FIGURE 4). 

We feel that significant information can be gained by determining the electra 
phoretic mobilities and per cent distribution of serum alkaline phosphatase 11 
many conditions in which the cause of elevated serum AP is not clear; namely 
metastatic carcinoma to liver and/or bone, jaundice in patients with bone dis 
ease, and infiltrative diseases of the liver. In these diseases, one would expec 
an augmentation above the normal of both the origin-to-slow alpha-2 component 
and the alpha-beta component, as well as a peak in the prealbumin-2 area. 

Leucine aminopeptidase. With t-leucyl-8-naphthylamide hydrochloride ai 
substrate, LAP of normal serum appears as a single enzyme with an electro 
phoretic mobility on starch gel that coincides with the postalbumin fraction ot 
the fast alpha-2 to postalbumin fractions of serum. A single peak of LAP simi 
lar to normal serum was also demonstrated in bile and bile-serum mixture: 
(TABLE 2). 

The histochemical localization of LAP in bile canaliculi” as well as the simii 
larity of the electrophoretic mobility of LAP in bile and serum suggest tha: 
these structures are the source of the LAP, which migrates in the postalbumis 
fraction or the fast alpha-2 and postalbumin fraction. . 

LAP also appears in the region of the origin-to-slow alpha-2 as well as in th 
alpha-2 to beta-globulin fractions in a variety of disease states (TABLE 2). Th 
disappearance of these peaks of altered mobility after recovery from acute in 
fectious hepatitis and Laennec’s cirrhosis with acute fatty infiltration, and fol 
lowing relief of common bile duct obstruction, suggests the hypothesis tha 
hepatocellular damage and bile stasis produce ‘‘enzyme variants” of LAP. 

Bile stasis probably accounts for the LAP in the origin-to-slow alpha-2 com 
ponent, since this peak is found in patients with biliary cirrhosis, toxic hepa 
titis secondary to Mitomycin, and acute infectious hepatitis with intrahepati 
cholestasis. t 

In pregnancy at term there are two peaks of LAP, the predominant peak ly 
ing in the slow alpha-2 to beta-globulin zone. At the present time we hav 
no explanation for this finding, nor can we postulate a source for this peak o 
increased LAP activity. 

The measurement of the electrophoretic mobilities of LAP appears to be useft 
in several ways: (1) to differentiate “cholangiolitic” hepatitis from acute ir 
fectious hepatitis; (2) to follow the clinical course of patients with acute ir 
fectious hepatitis, as well as those with Laennec’s cirrhosis with acute fatt 
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infiltration; and (3) to define the degree of biliary cirrhosis, if any, remaining 
aiter removal of a common duct stone. 
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MULTIPLE FORMS OF ESTERASE IN 
VERTEBRATE BLOOD PLASMA* 


Klas-Bertil Augustinsson 
The Institute of Organic Chemistry and Biochemistry, University of Stockholm, Stockholm, Sweder: 


For the past few years my associates and I have been studying the various 
forms of esterase present in vertebrate plasma.! This comparative study haa 
revealed that three types or groups of esterase exist in this material: aryless 
terases (ArE), aliesterases (AliE), and cholinesterases (ChE). The main char! 
acteristic features of these groups are summarized in TABLE 1. The esterases 
were separated electrophoretically and chromatographically, and each active 
fraction was studied separately in regard to substrate specificity and suscepti: 
bility to selective inhibitors. Some plasmas contain all three types of esterase‘ 
others two, and still others only one type. 

Evidence will be presented in the following to show that each of the esterase 
types exists in multiple forms, that each animal species has its own typical set 
of plasma esterases, and that various forms of each esterase type exist within 
the same species. In addition, some new features of arylesterases will be re: 
ported. 


CHOLINESTERASES 


The relatively high hydrolysis rate of choline esters compared with that oz 
other esters, and their high sensitivity to eserine are properties sufficiently, 
distinct to regard the plasma cholinesterases as a separate group of esterases: 
Their sensitivity to certain organophosphorus compounds is shared by the 
aliesterases, but cholinesterases are easily separated from the latter by electro- 
phoresis or other techniques, and aliesterases do not split choline esters. 


Species Specificity 


The species specific patterns of cholinesterases are very remarkable (FIGURE 
1). The cholinesterases of human, monkey, dog, cat, horse, and guinea-p 
plasmas have the specificity pattern of a butyrylcholinesterase. The ruminant 
plasmas have low cholinesterase activity, and the specificity of these enzymes 
varies considerably from animal to animal, but in no case was a butyrylcholin- 
esterase detected. Pig plasma cholinesterase has unique properties; it is a 
butyrylcholinesterase but, in so far as its specificity against various types of 
ester is concerned, this enzyme differs from all other butyrylcholinesterases 
studied thus far. An acetylcholinesterase is present in low concentration in 
the plasma of goat and sheep and in those of all teleostian fish studied. Rat. 
rabbit, cock, and duck plasmas are characterized by propionylcholinesterases. 

Particularly interesting is the esterase present in turtle plasma, as it is highly 
sensitive to eserine but differs from cholinesterases in hydrolyzing choline esters 
at a lower rate than noncholine esters. It has been suggested that this esterase 
is of a phylogenetically intermediate stage between the aliesterases present in 

* The work reported i i isk a 
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high concentration in the plasma of lower vertebrates and the cholinesterases 
of vertebrates belonging to higher orders. It is also of probable significance 
that the esterase of turtle plasma is a propionylesterase, since such an esterase 
type may be the most primitive one from a phylogenetic point of view. During 
the biochemical evolution, the propionyl- and butyrylcholinesterases may have 
originated from aliesterases, the former being more specialized forms of the 
latter. 

_ Plasma cholinesterases are to be regarded as a group of esterases the mem- 
bers of which have characteristic but overlapping properties with regard to 
substrate specificity, sensitivity to inhibitors, and an activity-substrate con- 


“a, TABLE 1 
CHARACTERISTICS OF THE THREE TyPES OF EsTERASE PRESENT IN 
= VERTEBRATE PLASMA 
—_— 
Arylesterases Aliesterases Cholinesterases 
ArE AliE ChE 
Other terms proposed A esterases, B esterases, Nonspecific ChE, 
aromatic simple  es- pseudo ChE 
~ esterases terases 
Specificity : esters hydrolyzed Ace> bu Ac > on < Bu) Act< (or >) Bu 
aromatic esters afb + 
_ aliphatic esters - +++ +4 
_ choline esters — ~ +++ 
hibitors: 
_ organophosphorus compounds ate sae ae +++ 
 eserine - —t +++ 
_p-hydroxymercuribenzoate ++ - — 
0-iodosobenzoate a= = = 
Be Sela = = 
++4+1 = oa 
tivator (stabilizer) : 
get ate if - Es 
ectrophoretic mobility (veronal, pH : ; 
8.4, J = 0.1), protein region albumin a globulin a — 6 globulin 
tive site (tentatively) +++-Cys---- -++-Ser-+ +> ++-AT-++++-Ser--- 


® Some hydrolyzed organophosphorus compounds. 
_ | Some are sensitive to 10-4 M eserine. 
_t Most of the ArE I. 


ntration relationship. Cholinesterases with similar enzymatic specificity, 

example, the butyrylcholinesterases of certain vertebrates, are also dis- 
guishable molecular types. The butyrylcholinesterases of human, horse, 
d dog plasmas show very similar substrate specificity. They are, however, 
erent molecular forms because they can be separated from a mixture by 
ysicochemical techniques, for example, electrophoresis (FIGURE 2). The 
roperties of the propionylcholinesterases in rat and rabbit plasmas also have 
nilar specific patterns, but they differ with regard to sensitivity to quaternary 
amonium compounds and organophosphorus compounds. Moreover, the 
vl plasma propionylcholinesterase differs from both rat and rabbit plasma 
olinesterases: (1) in the activity-substrate concentration relationship for 

ine esters (no inhibition by excess acetylcholine or propionylcholine for the 
jan enzyme); (2) in substrate specificity (high rate of hydrolysis of acetyl- 
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Ficure 1, Plasma-esterase patterns of vertebrates. Relative esterase specificity basec 
on the acyl radical of the substrate, selectively hydrolyzed by the enzyme in each group: Ac 
acetyl; Pr, propionyl; Bu, butyryl. Activity values in bso per 0.1 ml. plasma (ul. CO2 evolvec 
from a bicarbonate-COs buffer in 30 min. at 25° C., corrections made for the spontaneou: 
substrate hydrolysis) refer to the hydrolysis rates observed with the substrate which is hy 
drolyzed at the highest rate by each esterase. The properties of the esterase of turtle plasm: 


are those of a propionyl-aliesterase and propionyl-cholinesterase. Reproduced by permissiot 
of Acta Chemica Scandinavica. 
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6-methylcholine and various types of noncholine esters); and (3) in a unique 
pattern of susceptibility to various esterase inhibitors (low-inhibiting effect of 
certain bis-quaternary ammonium compounds). 

It is obvious, therefore, that no clear-cut classification of plasma cholin- 
esterases can be made. The existence of intermediate types between ‘‘specific”’ 
cholinesterases, such as butyryl-, propionyl-, and acetylcholinesterases, makes 
it advisable to state the enzyme source in any work with these esterases. More- 
over, it is not possible to apply results obtained with the plasma of one species 
to any other species. 


100 
a BUTYRYL-ChE 


50 


ESTERASE ACTIVITY 


4 8 WZ 16 
FRACTION NO. 


Figure 2. Electrophoretic separation of purified butyrylcholinesterases from human, 
and dog plasmas. Mixtures (3 ml.) of human and horse esterases (O O), and 
an and dog esterases (@ ——— @) were applied on cellulose columns (1.5 cm. X 40 cm.; 
veronal buffer, pH 8.4, J = 0.1; 300 v; 13 hours). Displacement from the column in 1.5 ml. 
actions. Esterase activity (630 per 0.4 ml. fractions, Warburg manometric technique) meas- 
ired with butyrylcholine iodide. 
¥ 


: Multiple Forms of Cholinesterase Within the Same Animal Species 


; Using conventional preparative electrophoresis, we found for most plasmas 
me single fraction of cholinesterase activity between the a2- and 6-globulin 

ions. A number of other investigators obtained the same results with hu- 
4 plasma.! In our electrophoresis studies, however, we found cholinesterase 
ractions of certain plasmas, for example, of cat and dog, that contained more 
han one active component, exhibiting similar specificity patterns and being 
‘qually sensitive to certain esterase inhibitors. Evidence was given recently 
yy other authors, that human plasma also may contain cholinesterase in mul- 
iple forms. Heilbronn (personal communication)* demonstrated by indirect 
means the presence of two enzymes capable of hydrolyzing butyrylcholine, 
nd Berry® from a similar study drew the conclusion that three cholinesterases 
‘e present in human serum. Moreover, Dubbs ef al.° found by starch-gel 
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electrophoresis of human serum that cholinesterase activity separates into < 
doublett. In this connection it may be of interest to refer to the observatio; 
first made by Kalow,’ of an atypical form of cholinesterase in human serw 
All these findings suggest the need to continue studies on these problems t 
find out whether plasma cholinesterase might exist in different molecular for 
In this connection I mention an observation made recently with butyryl’ 
cholinesterase of sow’s colostrum and milk.?* This is the only esterase presen 
in high concentration in this material. The milk electropherogram is charact 


gw BuCh OPhAc 
@ <— 


RELATIVE PROTEIN CONTENT 
ESTERASE ACTIVITY 


FRACTION NO. . 


Ficure 3. Electrophoretic patterns of sow’s milk and colostrum obtained with 3.0 ml 
material in a cellulose column (conditions as indicated with FiGURE 2). Esterase activit’ 


(b30/0.4 ml. fractions) measured with butyry ime jodi 
IDAE Val indicated. sured wi utyrylcholine iodide (BuCh) and phenyl acetat 


terized by a sharp esterase peak (FIGURE 3) that moves slower than all majo 
milk protein components. In contrast to mature milk, colostrum gives al 
electropherogram, in which a second, faster-moving peak is more prominen 
and the slow-moving peak correspondingly reduced. The two esterase frac 
tions of colostrum have identical properties, in so far as substrate specificit 
and sensitivity to inhibitors are concerned. The mobility of the faster-movin 
cholinesterase fraction of colostrum is identical with that of the cholinesteras 
fraction of pig plasma, and the substrate specificity and other properties ar 
also the same for the two fractions. It is therefore suggested that the faster 
moving esterase component of sow’s colostrum and pig plasma cholinesteras 
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are identical, and that the electrophoretic mobility of the esterase present in 
colostrum is lowered during the course of lactation. 

Evidence has been presented recently that esterases are localized mainly in 
the microsomes of animal tissues. Moreover, milk contains microsomes that 
are derived from mammary tissue and may serve as a vehicle for its butyryl- 
cholinesterase. We therefore suggest that the slow-moving component repre- 
Sents microsomal esterase and the fast-moving one, free enzyme. Recent pre- 
liminary experiments actually demonstrated that the esterase activity of sow’s 
milk is associated, partly at least, with the microsomes. The two enzymes are 
to be regarded as identical molecularly. We are also inclined to believe that 
this experiment demonstrates that one single enzyme protein can show different 
electrophoretic mobilities if it moves together with other proteins or cellular 
constituents, with which it easily combines. Two activities may therefore not 
necessarily be regarded to be due to two separate molecular forms if only be- 
cause they can be identified in two separate fractions. 

A variation in the specificity pattern of cholinesterases from one tissue to 
another within the same animal has been reported, but some authors are of the 
Opinion that the specificity pattern of a particular cholinesterase is not organ- 
Specific (literature in Augustinsson’). The different opinions as to this speci- 
ficity problem may be due to the fact that the experiments were carried out 
with crude preparations in which disturbing proteins, including various types 
of other hydrolyzing enzymes may be limiting factors. 


ALIESTERASES 


_ No clear-cut line of differentiation between various enzymes hydrolyzing 
aliphatic esters, including choline esters, could be drawn until Richter and 
Croft in 1942° made the observation that all enzymes classified as cholines- 
terases were completely inhibited by 10-5 M eserine, while “simple esterases” 
were resistant to this inhibitor concentration. ‘‘Simple esterases” were those 
aving substrate preference for short-chained fatty acid esters of simple al- 
cohols, and they were differentiated from “lipases” that were more active in 
hydrolyzing esters of glycerol and fatty acids with long chains. Richter and 
roft now introduced the term aliesterase for eserine-resistant esterases, which 
have found to be easily separated from the cholinesterases by electrophoresis 
din many cases also from the arylesterases. Although the term aliesterase is 
adequate for these types of esterases, since some of them hydrolyze aromatic 
ers at a higher rate than the corresponding aliphatic esters, their use is recom- 
ended because the definition by Richter and Croft is still valid. Triglyc- 
ides are also hydrolyzed by this esterase type and, since no special esterase 
-olyzing only these esters has been detected thus far in plasma, lipases are 
cluded in the group of aliesterases. 

Aliesterase is the main esterase in the plasmas of lower vertebrates. It is 
ent in human, monkey, dog, and pig plasmas, and its presence in ruminant 
mas is questionable. The hydrolysis of aliphatic esters by these plasmas 
catalyzed only by cholinesterases, since arylesterase cannot split these esters. 
liesterase has not been detected in cock plasma, but is present in high con- 
stration in fish plasma, and is the only detectable esterase in cyclostome 


asma, 
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Species Specificity and Other Species-Distinguishing Properties 


The aliesterases of vertebrate plasma are represented by both acetyl-, pro 
pionyl- and butyrylesterases (FIGURE 1); those present in horse, cat, guin 
pig, rabbit and rat hydrolyze butyrates and propionates at a higher rate tha 
acetates. The aliesterases of duck, frog, and certain fish species have the 
characteristics of propionylesterases; in other species of lower vertebrates 
intermediate types are present. An acetylaliesterase was detected in the: 
plasmas of frogfish and cod. As mentioned, the turtle-plasma esterase displays 
the characteristics of both an ali- and cholinesterase, including high sensitivity; 
to eserine. 

Most aliesterases are highly sensitive to organophosphorus compounds and 
when aromatic esters are used as substrates for these esterases, such compounds: 
are the best reagents for differentiating aliesterases from arylesterases, all of 
which are resistant to organophosphorus compounds. Aliesterases differ from 
the cholinesterases in being unable to hydrolyze choline esters and being im 
most cases resistant to 10-° M eserine. The latter agent, however, is not am 
absolute selective inhibitor of cholinesterases, because the aliesterases of duck, 
frog, frogfish, and pike are sensitive to eserine in comparatively low concen+ 
trations (pIs0 5.5 to 4.5), although they do not hydrolyze choline esters. This 
is another indication of the close relationship existing between the ali- and 
cholinesterases mentioned earlier. 


Multiple Forms of Aliesterase within the Same Animal Species 


There is some indication that aliesterases may exist in various forms within 
the same animal species. In guinea pig plasma, for instance, we detected om 
electrophoresis two esterases resistant to eserine but sensitive to certain organo- 
phosphorus compounds.'! Both esterase forms were intermediates between a 
butyryl- and propionylesterase. One of these was found in the a-globulin 
region, and the other migrated on electrophoresis at a lower rate than cholin- 
esterase (that is, in the 6-globulin region). The relative specificity against 
aliphatic and aromatic esters was somewhat different for the two forms on a 
quantitative level. Triglycerides were hydrolyzed at a relatively high rate by 
the fast-moving component which was also alone responsible for the hydrolysis 
of diacetylmorphine and the carbon analogue of acetylcholine, against which 
substrates this plasma is highly active. | 

Multiple forms of aliesterase are probably also present in the plasma of frog, 
which showed two aliesterase peaks in the electropherogram. Both these 
esterase fractions probably contained identical esterases, because they showed 
the same substrate specificity and the same sensitivity to certain inhibitors. _ 

The plasma of eel (Anguilla anguilla) is characterized by its unusually hi 
activity in hydrolyzing aromatic esters and triglycerides, especially those o! 
butyric acid. This material seems to be the richest animal source of aliesteras¢ 
(“lipase”) activity ever described. It is 100 times more active than humar 
plasma in hydrolyzing these esters. The main esterase present is a butyryl 
or propionylesterase, which is highly sensitive to certain organophosphoru: 
compounds (for example, mipafox and iso-OMPA). In addition to this es 
terase and a cholinesterase present in low concentration, eel plasma contains 
second aliesterase (FIGURE 4), which has a lower electrophoretic mobility thar 
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the main aliesterase component and differs from this in hydrolyzing the acetates 
more rapidly than the butyrates and in being less sensitive to mipafox and 
is0-OMPA. However, eel plasma is highly resistant to eserine, and it may 
represent a type intermediate between an aliesterase and an arylesterase. 

Animal tissues contain, in addition to the esterases described, other types of 
aliesterase.l°:1! 


ARYLESTERASES 


The presence of an aromatic esterase in human plasma was proposed by 
Mounter and Whittaker. Shortly before this, Aldridge! found two types of 
Serum esterases, A- and B-esterases, hydrolyzing p-nitrophenyl esters. In our 
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Ficure 4. Electrophoretic pattern of eel (Anguilla anguilla) plasma. Plasma (5 ml.) 
applied on a cellulose column ( 3 cm. X 40 cm.; 260 v; 30 hours; 2.8 ml. fractions; other 
ditions as indicated with riGuRE 2). Protein curve based on relative concentration values 
olin color). Esterase activity (630) obtained with triacetin (0.05 ml. fractions) and heroin 
).1 ml]. fractions). 


vestigations it turned out that among plasma esterases the A-esterase has 
highest electrophoretic mobility at pH 8.4, in most cases migrating close 
} the albumin; it is resistant to a number of organophosphorus compounds 
id eserine. B-esterase was found to be identical with aliesterase. Since the 
4-esterases hydrolyzed various aromatic esters, in addition to phenyl esters, 
the acetates of a- and 6-naphthol and indoxyl, but not aliphatic and choline 

ters, we proposed three years ago the name arylesterase"’ for this esterase 
7p All mammalian plasmas studied so far contain arylesterase in high con- 
‘entration, but this esterase is absent in all other vertebrate plasmas studied, 
nat is, the plasma of amphibia, reptilia, and fish. 


Some General and Common Properties of Arylesterases 


Role of calcium. In addition to the inability to hydrolyze aliphatic esters 
id the resistance to frequently used esterase inhibitors (for example, organo- 
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phosphorus compounds and carbamates), it is characteristic of several aryl 
esterases that their normal activity and stability are dependent on calcium, 
During dialysis against distilled water a number of these enzymes lose thein 
activity, which can be restored by the addition of calcium or the dialysate: 
Maximum activity is obtained when the calcium concentration is 0.1 to 1. 
mM, and no other ions are necessary for normal enzymatic function. The: 
calcium dependence varies on the quantitative level for arylesterases from vari+ 
ous species. Sodium ions in high concentration (for example, that of a physi 
ological solution) decrease the activity. Magnesium has the opposite effect tc 
calcium, that is, inhibits esterase activity in concentrations higher than 1.0 
mM;; this is in contrast to the effect of this metal on cholinesterase and alies- 
terase, which are generally activated by magnesium. The role of calcium fon 
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FicurE 5. Effect of metal ions on arylesterase I (ArE I) and arylesterase II (ArE II! 
“phosphorylphosphatase”’) activities of Fraction IV-1 from human serum. Chlorides usec’ 
except for La and Ag (nitrates); pIso = negative logarithm of molar salt concentration giving 
50 per cent inhibition after 50-min. incubation with enzyme before addition of substraté 
(phenyl acetate for ArE I and dimethylamido-ethoxy-phosphoryl cyanide for ArE II). ; 
terase determinations made in 40 mM sodium bicarbonate (Warburg technique) at 25° ct 


normal function of human serum arylesterase was independently confirmed 
recently by Erdés et al.!5.16 

Effect of other metallic ions. Cations of heavy metals, as for instance Hg*t, 
Ag*, Cut, are strong inhibitors of human serum arylesterase (FIGURE 5). 
Other inhibiting metallic ions are Co*t and Mn+. The inhibitory effect of 
these ions is time-dependent (FIGURE 6), which is in contrast to a recent ob- 
servation by Erdés e¢ al.,!° who used an incubation time of only 5 min., after 
which approximately 50 per cent of maximum effect (reached after 50 to 60 
min. incubation in our experiments) is accomplished under our conditions. 
Arylesterase inhibited by certain of these metallic ions (for example, Hg, 
Agt) can be reactivated by the addition of cysteine or reduced glutation (FIG- 
URE 7; see further below). 

Salts of rare earths are highly active inhibitors of certain arylesterases, first 
observed by Erdés et al.!® with human serum arylesterase. The inhibitory 
effect of these cations is probably due to their antagonizing calcium. Aryl- 
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‘esterases from various species differ greatly in their sensitivity to these trivalent 
cations. Using lanthanum nitrate in various concentrations, it was observed 
that two arylesterases are probably present in certain esterase preparations 
(for example, fraction IV-1 of human serum) differing in sensitivity to La*+ 
(PIGURE 8). Human, dog, horse, and cow plasmas contain one arylesterase 
that is completely inhibited by 5 X 10-5 M La*+; another is inhibited to only 
50 per cent by 10-* M La*+. It was also observed that the plasma of newborn 
calves contain only the La-resistant arylesterase, the sensitive component being 
produced after birth and reaching adult levels at the age of 6 to 7 weeks (FIG- 
URE 8). The arylesterase activity of pig plasma is due entirely, or almost 
entirely, to the arylesterase type, which is resistant-to low concentrations of 
La**. These differences between various types of arylesterase were not seen 
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_ Ficure 6. Effect of Hg?+ and Cu?+ on arylesterase activity of purified enzyme from hu- 
lan serum at various incubation periods. Conditions for esterase determinations as indi- 
ited with FIGURE 5. 


Erdés ef al.°16 who used another technique (spectrophotometric) for es- 
rase assay and a different dilution of serum. 
Effect of SH reagents. Certain SH reagents are powerful inhibitors of most 
ylesterases studied, but species differences exist in this respect. In addition 
the metal ions mentioned, these agents are useful selective inhibitors of the 
terases, since both ali- and cholinesterases are resistant to those concentra- 
ons of the SH reagents that give at least 50 per cent inhibition of arylesterase 
tivity (TABLE 2). The most useful inhibitors are those leading to mercaptide 
ation, for example, p-hydroxymercuribenzoate (and p-chloromercuribenzo- 
Other SH reagents, as for instance the alkylating agents iodoacetamide 
o-iodosobenzoate, have in most cases the same low-inhibiting effect on all 
ypes of plasma esterase. Aliesterases are especially resistant to the SH re- 
sents tested; cholinesterases seem to be more sensitive to 0-iodosobenzoate 
an aryl- and aliesterases. 
The high sensitivity of arylesterases to mercaptide-forming agents suggests 
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that —SH groups are required for the activity of arylesterases. This hypothe 
sis is strengthened by the observation that inhibition by these agents is reverse 
by cysteine. As a tentative model for the mechanism of action we suggest 
that the enzymatic hydrolysis involves the formation of a thioester intermediat 
from the enzyme SH and the acyl moiety of the substrate. An —SH roll 
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Ficure 7. Inhibition of arylesterase activity of purified enzyme from human serum by 
Hg?* and its reversibility by cysteine. Conditions for esterase determinations as indicatec 
with FIGURE 5. (1) Enzyme incubated 50 min. with 2.0 X 10-* M HgCl. before addition o: 
substrate. (2 and 3) Cysteine (0.1 mM and 1.0 mM, respectively) added 18 min. after star 
of esterase determination (that is, after addition of substrate). (4) Enzyme incubated 5( 
min. with a mixture of 2.0 X 10-* M HgCls and 1.0 mM cysteine before addition of substrate 
Cysteine had the same reactivating effect on arylesterase inhibited by CuClz and p-hydroxy. 
mercuribenzoate respectively. 


of cysteine may play the same role for arylesterase action as does the serine 
hydroxyl for ali- and cholinesterases. This mechanism may also explain wh 
some organophosphorus compounds can be used as substrate for certain aryl 
esterases instead of inhibiting them. It is known that a phosphoryl-S bonc 
is much more easily hydrolyzed spontaneously in the presence of water than i 
the corresponding phosphoryl-O bond.” Thus, in contrast to ali- and cholines 
terases, phosphorylation, and probably also carbamoylation'*° of arylesterase 
are reversible reactions. . 
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. Sex hormones as a possible factor controlling arylesterase biosynthesis. A great 
interindividual variation in plasma esterase activity is characteristic for several 
vertebrate species. This variation in activity of human plasma cholinesterase 
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Ficure 8. Effect of La(NO;)3-6H2O on arylesterase activity of whole plasma. Experi- 
mental conditions as indicated with FIGURE 5. (a) Various plasmas. (b) Cow and her calf; 
numbers refer to age in days of the calf. 


: TABLE 2 
| Errect oF SH REAGENTS ON PLAsMA ESTERASES 
plso* 

: Esterase type Animal species Substrate 

‘ ? ia ydrony. “| Todoacet- | o-Iodoso- 

> hengoate amide benzoate 

——— 

Arylesterase Man Phenyl acetate 6.2 <3 <3 
Arylesterase Horse Pheny] acetate 6 — = 
irylesterase Cow Pheny] acetate 4 <5 <3 

Arylesterase Pig Phenyl acetate Se <3 <3 

Arylesterase Rabbit Phenyl acetate oa) os — 

Aliesterase Horse Tripropionin <3 <J <3 

Aliesterase Guinea pig Tripropionin <3 <3 <3 

Aliesterase Duck Tripropionin <3 as} <3: 
holinesterase Man Butyrylcholine <3 ns) 4.8 

holinesterase Horse Butyrylcholine <3 <3 5 
sholinesterase Rabbit Propionylcholine <3 <3 <3 


_* Negative logarithm of molar inhibitor concentration giving 50 per cent inhibition after 
$0-min. incubation of enzyme with the inhibitor. 


as been known for a long time. During studies on arylesterases we found 
he interindividual variation in the activity of this esterase type still more 
ronounced for certain animal species, for example, pig, rabbit, rat. In so far 
s adult normal humans are concerned, this variation was also found to be 
appreciable, activity values ranging from 80 to 250. In this preliminary in- 
estigation there were no sex differences (50 humans of both sexes). 
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In an extensive series of test crosses, including back-cross tests with pigs,; 
we have presented evidence that arylesterase in pig plasma is genetically con-t 
trolled.2!-23 The various phenotypic activity levels, measured when the pigs; 
are 50 to 100 days old, are produced by a set of multiple alleles (a, 41, A2, As, 
A,), each determining a plasma arylesterase activity of 0, 25, 50, 75, and 100,) 
respectively. The distinguishable phenotypes are the manifestation of ant 
additive effect of a pair of these alleles, for example: 


Genotype Phenotype 
aa 0 
aA 2 50 
A\Ay 50 
A2A3 125 


The plasma of newborn pigs has no arylesterase activity, irrespective of 
high or medium activity in the plasma of their parents. Differentiation into 
groups of various esterase activities begins on the second to fourth day of life, 
adult values being reached at the age of about 50 days. We concluded that 
the biosynthesis of pig plasma arylesterase after birth is genetically determined 
according to the theory described. In cows, too, one of the two arylesterases: 
present (ArE I) is absent at the time of birth and is produced during the first 
weeks of life (see above). 

In our genetic studies with pigs, the male piglets were castrated at the age 
of three to four weeks. However, certain male piglets were selected for use ini 
later cross tests. With these uncastrated boars we observed that the aryl- 
esterase activity after maturity was much lower than before sexual maturity: 
For instance, it was demonstrated with a boar of esterase activity 150 before 
maturity that the activity gradually decreased with increasing age to a value 
of about 30, and that this low phenotypic activity was then fairly constant. 
This phenomenon was found to be common to all mature boars, the low pheno- 
typic esterase activity of which had no influence on the expected segregation 
in the progeny. Evidence has now been presented that this decrease in aryl- 
esterase activity is due to the influence of male sex hormones on the biosynthe- 
sis of active protein. When a mature boar with a low phenotypic activity of 
30 was castrated, the arylesterase activity increased gradually and had reached, 
after three weeks, a value (130 to 140) close to that found before maturity 
(150). Moreover, this high activity could again be reduced to the low value 
when 100 mg. of testosterone was administered daily intramuscularly; the low 
value was reached about three weeks after starting hormone treatment. 

In contrast to mature boars, the sows show small variations in plasma aryl- 
esterase activity. In some cases sows had higher esterase activity when sexu- 
ally matured than two to three months before maturity. We observed that the 
activity was slightly higher briefly before partus, decreased below the norma! 
value at the time of delivery, increased during the two to three weeks afte 
delivery and then again decreased to normal. It is possible that these varia- 
tions in arylesterase activity are partly due to changes in blood plasma volume 
during pregnancy. For sows, too, we believe, however, that arylesterase bio- 
synthesis is influenced by sex hormones. This problem is under investigation 
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Turnover rate of plasma arylesterase in pigs. The turnover rate of plasma 
arylesterase was determined in some experiments with pairs of pigs (of the same 
litter), using an exchange transfusion technique by establishing venous and 
arterial communications between both animals and waiting for complete blood 
equilibration. The results of one of these experiments are illustrated in FIG- 
URE 9. Exchange transfusion was performed with pig A of arylesterase pheno- 
type 125 (genotype A2A;) and pig B from the same litter with activity O (geno- 
type aa). Blood samples were taken for analysis immediately before and after 
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_Ficure 9. Arylesterase activity after exchange transfusion by venous and arterial com- 

Munications between pig a and pig 6 (from the same litter). Arylesterase phenotypes was 125 

d 0 (zero) for a and 6 respectively. (In collaboration with B. Olsson and H. A. Asheim, 
Royal Veterinary College, Stockholm, Sweden.) 


ansfusion, and then regularly during a period of about three weeks. After 
sfusion the arylesterase activity in both animals was 75 to 80. In pig B 
e activity then decreased exponentially and, from the straight line obtained 
the semilogarithmic plot of esterase activity against time, the half time of 
rylesterase turned out to be 2.5 days. This value is of the same magnitude 
s that recently found for certain plasma proteins in mammals.” It could be 
ated from separate experiments in vitro that pig B did not contain antibodies 
sponsible for the decrease in enzyme activity. 

The arylesterase activity of pig A was not significantly altered during the 
st five days after transfusion, due to the counteraction of esterase destruction 
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and esterase formation. The activity then increased and had reached thee 
normal value of this animal after about another 10-day period. Details off 
this and similar experiments will be published in due course in collaborations 
with B. Olsson and H. A. Asheim. 


Species Specificity 

With few exceptions, plasma arylesterases are acetylesterases. In all casess 
studied aromatic butyrates (phenyl and naphthyl) were hydrolyzed at a much: 
lower rate than the corresponding acetates. The species differences in sub-- 
strate specificity of these enzymes do not seem to be as great as are character-- 
istic for ali- and cholinesterases. Para-substitution in phenyl acetate with a: 
nitro group usually greatly decreases the enzymatic hydrolysis rate. Fort 
certain plasma arylesterases such a substitution in the aromatic ring increases: 
the hydrolysis rate for pig esterase up to eight times. The arylesterase of! 
guinea pig plasma differs from most other arylesterases in hydrolyzing phenyl’ 
propionate at a higher rate than the corresponding acetate. 

As mentioned previously, arylesterases from various species differ in their! 
sensitivity to various metal cations. For instance, certain of these esterases: 
are highly sensitive to La**, others are resistant to high concentrations of this: 
cation (for example, pig arylesterase). The activating and stabilizing effects: 
of calcium and the heat stability are also different from species to species. In: 
certain plasmas, both types of arylesterase (ArE I and ArE II) are present. 

Vertebrate tissues probably contain still other types of arylesterase.?° 


Multiple Forms of Arylesterase Within the Same Animal Species 


Most mammalian plasmas contain arylesterase in various forms. Two or! 
more active fractions were obtained on electrophoresis of human, reindeer, dog, 
rabbit, and rat plasmas. These forms showed similar substrate specificity or| 
differed slightly in hydrolysis rates of various aromatic esters. In so far as 
sensitivity to certain metal cations is concerned, the differences were more 
pronounced. Human plasma, for instance, contains at least two arylesterases 
with more or less identical substrate specificity patterns, but they differ, for 
instance, in respect to sensitivity to La*+. These two esterases showed also’ 
different heat stability, one (ArE I) being inactivated after heating at 56° C. 
for 30 min. (also found by G. Lundblad; personal communication). | 

Some but not all arylesterases are responsible for the hydrolysis of aromatic 
phosphates, for example, p-nitrophenyl phosphate and its diethyl derivative 
(paraoxon). In constrast to alkaline phosphatase, arylesterase hydrolyzes the 
unsubstituted p-nitrophenyl phosphate at a higher rate than the diethyl deriv- 
ative. In addition, the hydrolysis by blood plasma of other organophosphorus 
compounds, for example, diisopropyl-phosphoryl fluoride (DFP), dimethyl 
amido-ethoxy-phosphoryl cyanide (Tabun), and tetraethylpyrophosphate 
(TEPP) is in some cases due to arylesterase.8 Certain arylesterases are also 
responsible for the hydrolysis of dimethylcarbamoy] fluoride!’ and other N- 
substituted carbamates.!*° Thus these phosphates and carbamates can be 
used as substrates for one of the arylesterases (ArE II) in human plasma, but 
not for the other (ArE I). ArE II seems to be identical with the phosphoryl- 
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phosphatase described recently?® and has been shown to be the lanthanum 
resistant arylesterase. 

We suggest that the hydrolysis of organophosphorus compounds and car- 
bamates by arylesterase can be explained analogously to the reaction of other 
types of esterase with these agents. The intermediate phosphoryl and car- 
bamoyl derivatives produced with arylesterase are easily broken down by re- 
action with water, but those formed with aliesterases and cholinesterases are 
not susceptible to this reaction. 


CONCLUSIONS 


There exist several types of enzymes that exhibit esterase activity. As far 
as the catalytic reaction is concerned, the same general mechanism is probably 
involved. ‘This mechanism of action involves the production of an intermediate 
acyl derivative which can react with a variety of acyl acceptors (for example, 
water, alcohol, hydroxylamine, and oximes). The esterase inhibition can be 
similarly explained, for instance, when the acyl enzyme derivative does not 
break down by reaction with water. In addition, the hydrolysis of and esterase 
inhibition by certain phosphoryl, carbamoyl, and sulfonyl derivatives can be 
explained by an analogous mechanism. 

_ Substantial evidence has been presented to show further that the catalytic 
reaction involves an interaction between a nucleophilic imidazole group and 
‘one of the serine residues in the enzyme molecule. The role of the former is 
still controversial, but an imidazole derivative may well exhibit a coenzymatic 
activity in these processes. In certain cases it was also possible to demonstrate 
the sequences of three to four amino acids adjacent to the serine residue. As 
a tentative model we have proposed that cysteine replaces serine in aryles- 
terases. 

_ If it is now suggested that this amino-acid sequence is actually characteristic 
‘of the active surface of the enzyme in question, the sequence of the many other 
amino acids in the enzyme molecule may vary without altering the specific 
activity of a protein. In this way a family of closely related molecular types 
of esterase may be built up, exhibiting identical substrate specificity but differ- 
ig in physicochemical properties that are of minor or no importance for the 
ubstrate-enzyme reaction. The proposed term isozymes” should therefore be 
restricted to enzymes, the molecular structures of which differ only in those 

arts of the molecules that are not directly involved in the enzymatic reaction. 
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THE ESTERASES OF MOUSE BLOOD* 


Robert L. Hunter and Donald S. Strachant 
Department of Anatomy, Medical School, University of M ichigan, Ann Arbor, Mich. 


Three respects in which esterases tend to be unlike other enzymes are: they 
possess a low order of substrate specificity; they have been studied with a wide 
Variety of biochemical techniques with less agreement of results than one would 

like; and, there are several esterases coexisting in each species, the exact num- 
ber and function of each of which is still to be determined. If we are to study 
these esterases, techniques must be applied that will isolate the individual 
active protein in order that it may be characterized biochemically. The use 
of electrophoretic methods, by a number of investigators,!-?!8 followed by 
characterization of the isolated protein either on the electrophoretic column or 
extracted from the column, has furnished an important contribution to our 
understanding of this group of enzymes. The introduction of starch gel as a 
medium in which to carry out electrophoretic separations has effectively in- 
creased our capacity to resolve proteins. Using this technique combined with 
histochemical methods for dehydrogenases and esterases, Markert and Moller" 
and Allen” were able to demonstrate multiple proteins that showed common 
properties except for differing electrophoretic mobility; these were identified 
by them as isozymes. Stimulated by their observations we have proceeded 
‘to study the multiple esterases previously demonstrated'*5 to be present in 
‘Mouse blood in order to determine whether similar isozymic groups could be 
identified in this material. 

_ Throughout this report we shall refer repeatedly to the esterase-active pro- 
‘teins located in numbered bands on the starch-gel column, demonstrated by 
histochemical methods. Rather than characterize and qualify this each time 
m have adopted the convention of referring to “bands” when, in fact, the 


wes 


vhole concept is intended. 


4 Materials and Methods 


The mice used in this study were an inbred strain, Palid,{ and Swiss albino. 
Phe two strains were used interchangeably since the zymogram prepared from 
e blood of one could not be distinguished from that prepared from the other. 
_ Mice were anesthetized with ether, and blood was withdrawn from the left 
ntricle into a 21 gauge needle and a heparin (1 mg./5 ml. saline) rinsed syr- 
inge. After centrifugation at 5000 g for 10 min. the plasma was removed, 
he remaining ‘red blood corpuscles (RBCs) were resuspended in 40 ml. of 0.9 
er cent saline and the mixture was centrifuged. This last procedure was re- 
seated 3 times. The RBC fraction was obtained then by discarding the super- 
natant. Previous studies showed no differences in zymograms prepared from 
serum or plasma. ' 
- The mechanics of the starch-gel electrophoresis procedure have been as pre- 
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viously reported.” The gels were poured in the morning and allowed to) 
cool for 90 min. before using. Ten ul. of freshly prepared samples were pi-- 
petted onto a 5- X 13-ml. piece of filter paper for insertion at the origin. After: 
electrophoresis for 4 hours the sliced gels were placed in the substrate diazonium 1 
mixture for a period of exactly 30 min. at 37° C. The hydrolysis of naphthol | 
AS acetate, indoxyl acetate, or the combination of sodium taurocholate with: 
beta naphthyl] laurate was slower; these gels were incubated for 1, 12, and 2 to) 
3 hours respectively. 

In the inhibition studies the gels were placed in the inhibitor solution 10) 
min. prior to the addition of the substrate mixture. Thirty-min. incubation) 
with the inhibitor did not alter the results but caused a slight fuzzy appearance : 
of the bands from diffusion of the enzyme in the starch. An important con-- 
sideration in the inhibition studies was that when the gels were washed aftert 
staining and allowed to remain in water, the bands previously inhibited re-- 
acted with the gel-absorbed substrate and dye and then appeared less inhibited. 


TABLE 1 


Substrates: a-naphthy] acetate, a-naphthy] propionate, a-naphthyl butyrate, 8-naphthy] | 
laurate, naphthol AS acetate, indoxy] acetate. 

Diazonium salt: Blue RR Salt. 

Inhibitors: eserine (physostigmine) sulfate; DFP, di-iso propylfluorophosphate; Ro: 
2-1250, N-p-chlorophenyl N-methylcarbamate of m-hydroxyphenyltri-- 
methyl ammonium bromide.’ Ro 2-0683, dimethyl carbamate of! 
(2-hydroxy-5-phenyl-benzyl) trimethyl ammonium bromide;’ 284C51j: 
dibromide, 1:5-bis-(4 allyl dimethylammoniumphenyl) pentan-3-one‘ 
dibromide.!° 

Activator: Sodium taurocholate. 


To meet this problem the inhibitor was added to the water and the gels were: 
photographed immediately (TABLE 1). 

Plasma samples from more than 200 mice were examined; the inhibitors were: 
studied a minimum of four times at each concentration. The molar concen-: 
trations used are listed to the right of each inhibitor in the figure. ' 
Results 


Nine bands in plasma are demonstrated consistently. We have labeled the. 
fastest moving band No. 1 and the slowest No. 9. Occasionally a faintly- 
staining band between bands 5 and 6 can be observed. Bands 5 and 7 are 
not as prominent as the others and therefore their interaction with inhibitors. 
is more difficult to interpret. This seems to be related to the esterase activity 
present and to the spreading of these proteins in the electrophoretic field, re- 
sulting in a wide weak band. If the plasma sample is stored under refrigera- 
tion without freezing or is kept at room temperature for a few hours, the area 
of band 2 shows no esterolytic activity. Freezing retains this activity, but to 
avoid possible changes fresh samples were prepared each day. 

All bands are demonstrated by a-naphthyl acetate, butyrate and propionate 
except band 9, which is not distinct with a-naphthyl acetate; a-naphthyl acetate 
and propionate produce a background staining of the gel as does B-naphthyl 
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faurate.. The inhibition studies shown in FicurE 1 were done‘using a-naphthy] 
butyrate as substrate. 


Naphthol AS acetate is hydrolyzed by bands 3, 6 and 8; there is little hy- 
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Ficure 1. 


lrolysi Indoxyl 
Irolysis by bands 2, 4, 5, and 7 and no hydrolysis by bands 1 and 9. y 
Recic shows bands 3 and 8 and occasionally shows bands 4 and 6. Only band 
) is demonstrated by 6-naphthyl laurate plus sodium taurocholate; this band 
s difficult to see because of intense ee — and is not included 
n FIGURE 1. 
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Eserine, in increasing concentrations, inhibits bands 2, 4, 5, 6, and 8. The? 
relation of the inhibition of each band to the concentration of the inhibit 
can be noted on the figure. Eserine has some effect on band 9 and none 7 
1, 3, and 7. Ro 2-1250 inhibits band 8 as does Ro 2-0683. Band 5 does not 

show a consistent pattern for reasons mentioned above. DFP inhibits bands s 
1, 2, 4, 5, 6, 7, and 9 at various concentrations, some bands are more sensitive 2 
and others less sensitive. At the highest concentration even bands 3 and 8 are: 
inhibited. At the concentrations used (1 X 10-*, 1 X 107%, and 1 X 10! 
molar) 284C51j dibromide is without effect. 

The RBCs show 2 bands. In 2 instances a very weak band running fastert 
than band 1 was observed. The hemoglobin is represented by a wide area 
(bracketed in FIGURE 1), and band 2 runs in the leading edge of this. Bands; 
1 and 2 are inhibited by 5 X 10-* molar eserine and band 2 is inhibited by the: 
weakest concentration of DFP (5 X 10-7). Bands 1 and 2 are not inhibited! 
by 284C51j dibromide. 


Discussion 


The observation that the esterase-active proteins of mouse plasma tend to: 
hydrolyze the three short chain esters of a-naphthol with equal facility, and! 
the contrasting zymogram which is formed when naphthol AS acetate or in-- 
doxyl acetate are used as substrates is in agreement with our previous observa-- 
tions concerning mouse liver and kidney." At that time we concluded that| 
the differences observed were due primarily to differing reaction rates on the: 
part of enzymes in the column rather than to all or none substrate specificity. 
The results reported here provide no evidence for altering this conclusion, 
however, it is possible that the esterase of band 1, for example, hydrolyzes 
a-naphthol butyrate and does not hydrolyze naphthol AS acetate. It is also’ 
possible that both esterases hydrolyze both substrates, but that in the case of 
naphthol AS acetate a certain threshold necessary for precipitation of the dye: 
product was not exceeded. In this way a false negative reaction would be 
demonstrated. The resolution of such questions must await the extraction of 
larger quantities of the proteins involved and their testing in systems in which 
the hydrolysis of the substrate alone can be evaluated. 

The esterase of band 8 corresponds to the cholinesterase of plasma, the C 
esterase of Pintér ef al.,° and of Augustinsson.’* That esterases of bands 2, 
4, 5, and 6 are also sensitive to eserine inhibition indicates that they may also 
be cholinesterases. 

The esterase of band 3, the albumen associated esterase, in all probability 
corresponds to the A esterase of Pintér ef al.!8 and of Augustinsson.+ To 
identify esterases which were classified by these authors as B esterases would 
be difficult, although bands 1, 7, and 9 would have to be considered. In addi- 
tion, another unnumbered band can sometimes be identified located midway 
between bands 5 and 6. This band may also be a group B or aliesterase. 

The observation that the esterase of band 9 is the only enzyme demonstrated 
with 6-naphthyl laurate and sodium taurocholate indicates that it is a lipase. 
An incidental observation is that this band can be well demonstrated if the 
columns are first incubated for one hour in acetone at 4° C. before being treated 
with the substrate mixture. 
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Perhaps our most interesting finding was in the different effects upon the 
esterases of mouse blood achieved by the five inhibitors used in this study. 
Other investigators':7!° have used these inhibitors to characterize the esterases 
in other species. On the basis of their results DFP, Ro 2-0683 and eserine all 
are effective inhibitors against cholinesterase with DFP inhibiting aliesterase 
as well. The inhibitors Ro 2-1250 and 284C51j are more effective against 
acetyl cholinesterase although higher concentrations (10-5 M) of Ro 2-1250 
also inhibit nonspecific or pseudocholinesterase. We are particularly impressed 
by the selective manner in which Ro 2-0683 and Ro 2-1250 inhibit the esterase 
of band 8 in contrast to the multiple band inhibition of eserine. All three in- 
hibitors clearly inhibit the principle cholinesterase of plasma, but eserine in- 
hibits other “‘cholinesterases” as well. We interpret the failure of 284C51j to 
inhibit any of the bands to mean that acetylcholinesterase is not demonstrated 
by these methods. The total and unselective manner in which DFP inhibits 
the esterases of mouse plasma indicates that this inhibitor would be unsuited 
for characterizing these esterases other than that at higher concentrations it 
inhibits them all. 

In any consideration of the esterases in plasma or serum the question of the 
relationship of these esterase-active proteins to the proteins in pherograms 
stained with amido black always arises. A comparison of the serum pherogram 
with the zymograms in the figure reveals that bands 3, 5, and 9 most nearly 
coincide with the proteins stained in the pherogram. Bands 1 and 2 would 
similarly coincide with pre-albumens but these proteins, although present in 
mouse serum, are not illustrated in FIGURE 1. The albumen-associated es- 
terase (band 3) has been shown not to coincide in location with albumen when 
the proteins of mouse serum are separated by two-dimensional electrophoresis 
in the manner described by Smithies and Poulik.!® Whether the other esterases 
that seem to coincide with stainable proteins in the one dimensional zymogram 
would coincide if more refined methods of separation were used remains to be 
determined. In any event the two most prominent esterases of the zymogram, 
bands 3 and 8, are not simply being carried along by more abundant protein, 
and it is probable that most of the other esterases separated in starch-gel arrive 
at their location in the zymogram unattached to other proteins. The most 
likely counter example to this generalization is found in band 9, which closely 
approximates the slow alpha two (Sa) globulin fraction in location and in band 
width. 

It has been suggested that the multiple bands seen in the zymogram are due 
to a breaking up of a lesser number of esterases during the electrophoretic pro- 
cedure. To test this hypothesis the following experiment was performed. 
The starch-gel column was set up in the usual way but was allowed to run for 
only 2 hours. Bands 3 and 8 were located using a thin slab sliced from the 
surface of the column to insert in the substrate mixture. The remaining larger 
portion of these bands was then sliced from the column and inserted in a 
second column at the origin. These were then run in the usual way. The 
resulting zymogram showed only two well-separated esterase bands, correspond- 
ing to bands 3 and 8. From this we conclude that these intensely reactive 
bands are not contributing to the formation of the weaker bands by their own 
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With respect to the two esterases obtained from washed RBCs, the fact that 
no inhibition was observed when 284C51j or Ro 2-1250 were used as inhibitors 
together with our failure to demonstrate an intensely reactive esterase in this! 
material supposedly high in acetylcholinesterase activity, argues further against 
the conclusion that the esterases herein demonstrated are acetylcholinesterases 
RBC esterase band 2, running in the leading edge of the hemoglobin, sensitiv 
to eserine and DFP and better demonstrated when a-naphthyl butyrate is 
used as substrate than when a-naphthyl acetate is used, has a correspondin 
enzyme in man and in the rat. 

Considering the many substances that have been used to study and charac- 
terize the esterases and the relatively small sample of these materials we have: 
used in this investigation, it is interesting that such diversity of reaction has: 
been observed. We conclude that it is unlikely that the esterases of mouse 
blood can be subdivided into groups sharing properties which would warranti 
their classification into isozymes. 


Summary and Conclusions 


The blood of mice has been analyzed for esterases using the zymogram 
method; 9 esterases in plasma and 2 in red blood corpuscles have been demon- 
strated. The effect of 6 substrates, 1 activator and 5 inhibitors upon these 
esterases has been determined. The results indicate that the multiple esterases 
present in mouse blood are not readily classifiable into subgroups containin: 
common properties. J 
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SEPARATION AND CHARACTERIZATION OF LACTIC 
DEHYDROGENASES FROM SERUM AND FORMED 
ELEMENTS OF HUMAN BLOOD* 


Borroughs R. Hill and E. James Meacham 


Department of Biochemistry, Medical Research Institute, 
City of Hope Medical Center, Duarte, Calif. 


Electrophoretic separation of serum proteins has provided a tool for a more 
critical examination of serum lactic dehydrogenase (LDH) than is obtainec 
in a single serum assay. The differences between electrophoretic LDH patt 
terns obtained from sera in health and in certain diseases'* cannot be com: 
pletely understood without a thorough knowledge of the constituents of tha 
patterns. To study the properties of these constituents thoroughly it is neces: 
sary to obtain them in pure form. 

This report describes the development of procedures for the separation anc 
purification of active LDH fractions. Some properties of partially purifiec 
fractions are also noted. 


Materials and Methods 


Extract of formed elements. Whole blood, 2 weeks to 2 months old, was ob-+ 
tained from the blood bank and allowed to stand at 4°C. until the formec 
elements had settled. The plasma was removed by aspiration, and the formec 
elements were lysed by the addition of 3 volumes of water. After freezing 
and thawing the mixture was dialyzed for several hours against distilled water’ 
The precipitate that formed was removed by centrifugation, and the superna: 
tant solution was employed as the active extract for the investigation of purifi; 
cation procedures. 

- Adsorbents. Aluminum hydroxide, U.S.P., dried gel, medium powdery wa: 
used, also carboxymethyl-cellulose and diethylaminoethyl-cellulose.t Call 
cium phosphate gel, prepared by the method of Keilin and Hartree,® wa: 
boiled for 10 min. and cooled slowly. The gel suspension used in these experi- 
ments contained approximately 250 mg./ml. ; 

Calcium phosphate gel column. A cotton plug was packed into the bottom 
of a column 1 to 2 cm. in diameter, and a few milliliters of gel suspension was 
added. After this had settled, the gel suspension containing LDH was layerec 
over it to give a column of about 10 cm. in length. The flow rate could be in 
creased, especially when vacuum was not used, by the addition of 0.5 gm 
cellulose powder (Whatman ashless, standard grade) per 10 ml. of original ge 
suspension. 

LDH assay. LDH activity was determined by the method described by 
Hill.* Specific-activity was expressed 14M DPNH oxidized per minute pe 
milligram protein. 

Protein assay. Protein concentrations were determined by the method 0 


* This work was supported in part by Research Grant CY-3126 f the Nati 
Institute, Public Health Service, Bethesda: Md. SS ee 


} Obtained from J. T. Baker Co., Phillipsburg, N.J. 
t Bio-Rad Laboratories, Richmond, Calif. 
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ae et al.° ‘The method was calibrated with crystalline bovine serum al- 
bumin (Armour & Co.) and checked against optical density measurements at 
260 and 280 mu. 

LDH fractionations. Electrophoretic separations of LDH components were 
conducted at room temperature in the Spinco Model CP continuous-flow paper 
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_ Ficure 1. Electrophoretic profile of LDH activity from the serum of an apparently 
healthy individual, superimposed on the dyed sheet which shows protein distribution. See 


Beeeraphoresis unit in the presence of 0.02 ionic strength barbital buffer, pH 
3.6. A current of 30 mAmp. at 450 v was employed. 


4 Results 


Figure 1 shows the electrophoretic profile of LDH activity from the serum 
f an apparently healthy individual superimposed on the dyed sheet that shows 
otein distribution. Fractions I, II, and II appear with the -globulins, 
globulins, and a2-globulins respectively, and Fraction IV with the a,-globulin- 


yumin fraction. 
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FicurE 2 compares the electrophoretic pattern of the formed element extract 
with the pattern for serum shown in FIGURE 1. On the basis of electrophoretid 
mobilities, the several LDH fractions found in such extracts are indistinguish: 
able from the corresponding fractions found in serum. Aging of blood cause 
a decrease in Fraction II activity and, in many samples, Fraction I was entirely 
absent. However, Fraction II was recovered in sufficient quantity for tha 
study of purification procedures. 

A simple aqueous extract of 1 U. (480 ml.) of blood required more than ¢ 
weeks to fractionate in 2 electrophoresis instruments. Fraction I was highly 
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Figure 2. Comparison of electrophoretic LDH patterns from serum and an extract of 
the formed elements of blood. The serum pattern was that of the serum shown in FIGURE t 
The formed elements were separated from blood several weeks old. See text. 


colored with hemoglobin, Fraction III had a red coloration, and the LDH 
activities of the fractions were lowered by dilution. 

Methods were explored for the removal of hemoglobin and concentration 
of the extract prior to electrophoresis. Three alternative procedures have beer 
devised: the aluminum hydroxide method, the calcium phosphate gel method 
and the carboxymethyl-cellulose method. : 

Aluminum-hydroxide method. In this method 70 gm. of aluminum hy. 
droxide gel was stirred for 10 min. with the extract from 1 U. of blood 
Additional gel was added, if necessary, for complete adsorption of LDH activ. 
ity. The quantity of adsorbent required varied with different batches of th 
gel. The mixture was centrifuged and the dark red supernatant solution dis 
carded. The gel was washed with water several times to remove most of th 
hemoglobin, and the washes were discarded. The LDH activity and som 
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residual color were removed by four extractions, each with 100 to 150 ml. of 
0.1 M disodium hydrogen phosphate solution. The yield of LDH was only 
slightly increased by a fifth extraction. The combined extracts were concen- 
trated to about one-fifth volume by dialysis against a 30 per cent solution of 
polyvinylpyrrolidone (PVP) in 0.02 ionic strength barbital buffer, pH 8.6. 
There was little or no loss in activity during the concentration procedure. The 
gel-treated concentrate from 1 U. of blood required only 2 days for electro- 
phoretic separation, and the fractions were high in LDH activity with relatively 
little color. 

Calcium-phosphate-gel method. This gel could replace aluminum hydroxide 
in the above procedure. Some difficulty, however, was encountered in the 
preparation of uniform batches of gel. The physical properties of the calcium 
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Ficure 3. LDH patterns of formed element extracts after treatment to remove hemo- 
globin. See text. 


phosphate gel were less desirable, and more hemoglobin was adsorbed on the 
gel, which could not be removed by water. 

_ Carboxymethyl-cellulose method. Under certain conditions carboxymethyl 
(CM)-cellulose adsorbed hemoglobin, but not LDH activity. A paste was pre- 
pared from 15 gm. CM-cellulose and 100 ml. of water. To this was added 100 
ml. of extract, and the mixture was stirred for 10 min. The CM-cellulose, 
containing the hemoglobin, was removed by centrifugation and washed once 
with 50 ml. of water. Recovery of LDH could be increased slightly by an 
additional wash. Very little hemoglobin color was evident in the active super- 
natant solution. This solution was concentrated by dialysis against PVP. 
mA recovery of 75 to 80 per cent of the LDH activity and a four- to sixfold 
increase in specific activity were obtained by each of the three methods. 

The dialyzed concentrates were fractionated electrophoretically. LDH pat- 
erns, as compared to the pattern from the original extract, are shown in FIGURE 
The respective electrophoretic mobilities for the three fractions after treat- 
1ent were the same as for those in untreated extract. Relative mobilities of 
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the LDH fractions were also determined by starch block electrophoresis, both’ 
before and after separation by continuous flow electrophoresis. Results of thes 
two electrophoretic methods were found to be in good agreement. In extracts: 
treated with aluminum hydroxide or phosphate gel, Fraction IT contained con-- 
siderable color from hemoglobin. This fraction from CM-cellulose treated? 
extract contained little color. Fraction III from all the extracts was yellow.’ 
Fraction IV from extracts treated with aluminum hydroxide and CM-cellulose« 
was highly colored and brownish. There was very little of this color in thes 
phosphate gel treated extract and none in the untreated extract. The browns 
color suggests the presence of heme that combines with a protein appearing int 
Fraction IV. The specific activities of the fractions were not significantly; 
increased by electrophoresis. In a few cases the specific activity of Fractions 
II was decreased slightly and, of Fraction ITI, increased slightly. 

After electrophoretic separation the fractions varied greatly in stability.’ 
TABLE 1 shows the loss in activity during storage in barbital buffer at 4° C.! 
Fractions III and IV are much more stable than II. A previous report? de-' 
scribed an increase in heat stability by the addition of albumin or reduced! 


TABLE 1 
STABILITY OF DituTE FRAcTIONS AT 4° C. 
Per cent of original activity 
Fraction 
7 Days 21 Days 36 Days 

I 0 0 0 

II 55 40 25 

III 89 68 48 
IV 100 100 100 | 


————————— 


glutathione. However, the addition of these substances to Fractions II and! 
III had no effect on stability at 4° C. Freezing of the formed elements or of 
a crude aqueous extract did not significantly destroy LDH activity. The 
treated extracts and the separated fractions lost considerable activity upon 
freezing and thawing. Treated extracts and fractions have been stored, with- 
out appreciable loss of activity, for several months at 4° C., after the addition 
of ammonium sulfate to give an 80 per cent saturated solution. This appears 
to be the best method for storing and accumulating fractions for subsequent 
purification steps, although Fraction II has shown a gradual decline in activity 
under these conditions. | 
Each fraction was further purified on a column of calcium phosphate gel. 
Gel was added to the dialyzed fraction until the supernatant solution contained 
no activity. After centrifugation the gel was washed twice with water, suSs- 
pended in water, and introduced into a gel column. Elution of LDH activity 
from the column was effected by the successive addition of 0.01, 0.02, and 0.1 
M solutions of disodium hydrogen phosphate. } 


TABLE 2 shows the results of column elutions. Recovery of activity from 
each of these columns was quantitative. 


When Fraction II was eluted, most of the color appeared with the 0.01 an 
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0.02 M eluates, but no activity appeared until 0.1 M phosphate was employed. 
_ The activity was recovered in a small volume of eluate, which contained some 
color. 

When Fraction III was eluted, some activity and most of the color appeared 
with the 0.01 and 0.02 M eluates. However, about 80 per cent of the activity 
appeared in a relatively small volume of the 0.1 M eluate, with very little color. 

The behavior of Fraction IV was similar to that of III except that more 
activity was eluted with the 0.01 M phosphate. Approximately 50 per cent 
of the activity appeared in this fraction and 50 per cent in the 0.1 M eluate, 
with more color in the latter. 

Elutions for all columns were regulated according to the appearance of color 
and activity in the eluate. The molarity of the phosphate solution was not 
increased until LDH activity was decreasing or the eluate was nearly colorless. 
Little work has been done to date comparing the 0.01 and 0.1 M eluates from 
Ii and IV, but further experiments are now in progress. The possibility 
cannot be ignored that they are identical but associated with different proteins. 


TABLE 2 
E1utTion oF LDH From Catcitum PHospHAtE GEL COLUMNS 


Fraction 
NazHPOs solution II Ill IV 
acivey, | Well (al) | Sctivity | Vol Gal) | Zeaeett | vol. ant) 
0.01 M 0 60 3 18 48 35 
0.02 M 0 18 30 6 56 
0.10 M 100 6 79 8 46 15 


‘Inone series of experiments diethylaminoethyl (DEAE)-cellulose gave a clearer 
‘separation of the 0.01 and 0.1 M eluates from Fractions III and IV. In both 
cases the 0.01 M eluates contained activity, but no LDH activity was eluted 
with 0.02 M. A second fraction appeared with the 0.1 M phosphate. The 
use of this adsorbent is now under investigation. 
The active eluate of II and the active eluates of III and of IV were precipi- 
tated by 70 per cent saturation with ammonium sulfate. The precipitates 
were washed twice with 70 per cent saturated ammonium sulfate, and the 
LDH activity extracted from the precipitate by a 55 per cent saturated solu- 
‘tion. The specific activities of the 55 per cent extracts were 115 to 120 times 
that of the original extract of the formed elements, and some of these extracts 
have been practically colorless. Electrophoretic mobilities were comparable 
to those of fractions present in the original extract. These active fractions 
‘were quite stable when stored in a solution of 55 per cent saturated ammonium 
ulfate at 4°C. After storage for 2 mo. under these conditions, Fraction I 
retained about one half, and Fractions III and IV about three fourths of their 
original activity. Storage for 1 mo. in water resulted in the loss of all but 
about 10 per cent of the original activity of all fractions. Activity is rapidly 
lost in acidic solutions. 
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Michaelis-Menten (K,,) constants for pyruvate for the three purified frac- 
tions did not differ significantly over a pH range of 7.0 to 8.0 (TABLE 3). Kn 
for all fractions is somewhat smaller at the lower pH values, as shown previously 


for fractions obtained from serum.” 
Fraction I, with the mobility of y-globulin (FIGURE 1), has been low or absent 


TABLE 3 
MIcHAELIS-MENTEN CONSTANTS (Ky) FOR PYRUVATE 


Km (pyruvate) X 10! M/I. 
Fraction 
pH 7.0 pH 7.2 pH 7.4 pH 7.6 pH 7.8 pH 8.0 
II 1.4 125 1.5 2.0 4.2 4.8 
Ill ial 1.5 1a Zo Ded 4.1 
IV 1.0 1.2 1.6 et POS 4.1 
WBC PLEURAL FLUID 
PHOSPHATE GEL LEUKEMIC 
TREATED PATIENT 


PER CENT OF TOTAL ACTIVITY 


an oe 4. LDH patterns of leukocytes (WBC) and pleural fluid from a leukemic patient. 


in the formed element extracts utilized in these investigations. However 
experiments have indicated that leukocytes and platelets have sufficient Frac 
tion I for studies of purification methods (FIGURE 4). The pattern for leuko 
cytes was obtained from cells that had been frozen for about one year. Frozet 
platelets gave approximately the same pattern. In both cases, five activ 
fractions were observed upon electrophoresis, and the additional fraction 
designated I) , had a lower electrophoretic mobility than Fraction I.  Fresl 


oh 
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leukocytes and platelets will be used for studies of Fraction I and, possibly, Ip. 
Another good and plentiful source of these fractions was pleural fluid from a 
patient with leukemia and a very high serum LDH. 

The samples of serum investigated to date have been treated differently from 
the formed elements. One and one-half volumes of an 80 per cent saturated 
Solution of ammonium sulfate were added to the serum. The precipitate, 
containing very little LDH activity, was removed by centrifugation. The 
Supernatant solution was dialyzed against distilled water to remove sulfate. 
After electrophoresis the fractions were purified on calcium phosphate gel col- 
umns. Because of the scarcity of highly active sera, details of this procedure 
have not yet been completely worked out. 


Discussion 


Serum or plasma from healthy individuals is too low in LDH activity to be 
used in preparing the large quantities of active fractions needed for develop- 
ment of purification procedures. As large volumes of high activity sera from 
selected leukemia and cancer patients are almost impossible to obtain, it was 
necessary to locate some other very active human material that would be 
easily available in large quantities. 

Previous investigations? have shown that the formed elements of blood are 
high in LDH activity, and that electrophoresis yields LDH fractions with 

“mobilities similar to the mobilities of serum fractions. Expired whole blood 
from the blood bank was available in large quantities, and it proved to be a 
Satisfactory source of certain LDH fractions that could be used for the study 
of various purification procedures. 

Once purification procedures have been standardized, extracts of leukocytes 
and platelets will be the preferred sources for four, and possibly five, fractions 
with LDH activity. Although whole blood is more readily available, the 
‘viscosity and dark color of the extracts that it yields impose limitations on the 
efficiency of purification procedures. The steps required to remove large 
“quantities of hemoglobin entail serious losses of the more labile fractions of 
LDH activity. 

2 


q . Summary 


_ An investigation has been made of human source materials for the prepara- 
‘tion of fractions with LDH activity. Purification procedures have been de- 
veloped that give approximately 115- to 120-fold purification of 3 fractions 
om the formed elements of blood. Future plans include preparation of 
greater quantities of these purified fractions and investigation of procedures 
or further purification. Further characterization of the purified fractions will 


2 attempted. 
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SIGNIFICANCE OF THE HETEROGENEITY OF LACTIC 
DEHYDROGENASE ACTIVITY IN HUMAN TISSUES* 


Elliot S. Vesell 
The Rockefeller Institute, New York, N.Y. 


The heterogeneity of lactic dehydrogenase (LDH) activity in human blood 
has become generally accepted.1* Through the development of the concept of 
“isozymes” by Markert and Mller, who proposed the term to refer to electro- 
phoretically distinguishable enzymes with similar substrate specificities, the 
presence of. more than one form of an enzyme within a cell has been elevated 
to a general biological principle. These workers demonstrated that the cells 
of some embryological tissues differ from the adult cells in their complement 
of LDH isozymes.’ Kaplan e al. placed the phenomenon of the hetero- 
geneity of enzymes in another biological setting by comparing lactic dehy- 
drogenases from different species, and by suggesting a phylogenetic scheme 
of the evolution of enzymes from lower to higher forms.? 

The clinical significance of LDH heterogeneity was suggested by the initial 
observation of multiple LDHs in human serum and red blood cells when it 
Was shown that sera from patients with myocardial infarction had an eleva- 
tion of the electrophoretically fastest migrating isozyme, whereas sera from 
patients with leukemia revealed a selective elevation of the second-fastest 
Migrating isozyme.! These results have been confirmed by recent intensive 
‘studies of Wréblewski and Gregory,'° Wieme,!! Hess and Walter,” and Hill. 
‘The present paper extends the clinical applications of LDH isozymes in serum in 
disease states, and lends support to the hypothesis that elevation of individual 
LDH isozymes in sera results from the release of enzymes into blood from dam- 
‘aged tissues. The physicochemical properties of the five LDH isozymes in 
human tissues were investigated, and evidence is presented showing that, in 
‘addition to their differences in electrophoretic mobility, the LDH isozymes vary 
‘tn their kinetic behavior. 

2 Materials and Methods 

Materials. Four gm. each of heart, kidney, liver, lung, pancreas, and 
skeletal muscle were obtained within 12 hours after death of patients from 
‘diseases not affecting the metabolism of the tissues under study. The tissues 
‘were washed thoroughly in cold normal saline to remove the majority of red 
‘cells and were rinsed in cold water to lyse any remaining erythrocytes. How- 
ever, even after careful washing, certain tissues such as the liver, lung, and 
idney revealed residual hemoglobin in the homogenates. Homogenates 
ere prepared in 10 ml. of barbital buffer, pH 8.6, ionic strength 0.1, using 
1 mortar and pestle and then submitting the tissues to further grinding in 
Potter-Elvehjem motor-driven tissue homogenizer. Centrifugation of these 
sxtracts for 40 min. at 15,000 g at 4° C. produced a supernatant fluid that was 
lecanted and diluted with an equal volume of barbital buffer, pH 8.6. 

In several experiments a hemolysate prepared from human red cells'* was 


* These studies were supported in part by Grant-in-Aid A-1542 (C3) from the National 
titute of Arthritis and Metabolic Diseases, Public Health Service, Bethesda, Md., and 
sre aided by a grant from the The National Foundation, New York, N.Y. 
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fractionated by starch-block electrophoresis; the eluates were assayed fort 
LDH activity; and in some cases the material from the peak tubes was applied: 
to starch gels and rerun by starch-gel electrophoresis. ) 

Human white cells were obtained from 40 ml. of heparinized blood by thee 
method described by Hirsch and Church.!® The LDH activity was extracted: 
from this purified preparation of leukocytes by freezing in acetone and dry; 
ice, followed by thawing. The white blood cell extract was separated electro- 
phoretically, and the eluates were assayed for LDH activity. 

Serum from a patient with hepatitis, from a patient with chronic granulo- 
cytic leukemia, from a patient with myocardial infarction, and from a healthy; 
control was separated simultaneously on a starch block. Sera from patients: 
with acute pancreatitis were also separated electrophoretically. Hemor-: 
rhagic shock was produced in healthy mongrel dogs (average weight 20 kg.)) 
by the elevated reservoir technique.®!” The electrophoretically separated: 
sera were examined for LDH activity before and after hemorrhagic hypotension., 

Electrophoresis. Four ml. of the diluted supernatant was separated electro- 
phoretically on a starch-supporting medium in barbital buffer, pH 8.6, ionic‘ 
strength of 0.1.8 After electrophoresis at 4° C. for 36 hours at 400 v and 120( 
mAmp., the starch block was cut into 0.5 inch segments, the protein eluted! 
with 5.0 ml. barbital buffer, and its concentration determined.!* Between: 
85 and 98 per cent of the LDH activity was recovered from the block following; 
electrophoresis. Electrophoresis of these tissue homogenates was also per~ 
formed on starch gels according to the method of Smithies,!® employing thes 
discontinuous buffer system of Poulik.2° A gradient of 6 v per centimeter 
was maintained for 12 to 16 hours. 

LDH assay. LDH activity of eluates from the starch block was determined! 
spectrophotometrically according to the method devised by Kubowitz and! 
Ott," in which the decrease in optical density at 340 my is measured as the: 
reduced diphosphopyridine nucleotide (DPNH) is oxidized to diphospho- 
pyridine nucleotide (DPN). Each eluate was incubated for 20 min. at room! 
temperature with 0.2 ml. of 0.003 M DPNH and 2.5 ml. of barbital buffer, pH 
8.6, ionic strength 0.1. The mixture was transferred to a Beckman cuvette of 
1 cm. path length. Sodium pyruvate (0.1 ml. of 0.001 M) was added, and the 
decrease in absorption at 340 mp was measured in the Beckman DU spectro-: 
photometer. Readings were obtained every 30 sec. for 3 min. One U. of 
dehydrogenase activity was defined as a decrease in the optical density at 340 
my of 0.001 per minute per milliliter of eluate. 

LDH activity was identified histochemically directly on the starch gel by 
the use of nitro-blue tetrazolium, according to a recently revised technique of 
Markert® (C. L. Markert and E. Appella, personal communication). Phena- 
zine methosulfate served as the electron transporter. A brilliant purple color 
produced by the reduction of the tetrazolium salt to the formazan appeared 
at the site of LDH activity on the starch gel. The gel is overlaid directly 
with the following solution and incubated at 37° C. for 1 hour in the dark: 
pu lactate 0.5 M (12.0 ml.), DPN 10 mg./ml. (2.4 ml.), nitro BT 1 mg./ml. 
(6.4 ml.) and Tris buffer pH 8.3 (53.0 ml.). Phenazine methosulfate 1.6 mg./ 
ml. (7.2 ml.) is added to the above solution in the dark because of its instabil- 
ity inlight. This method has recently been described by Dewey and Conklin 


5 
| 
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Studies of LDH isozymes. The pH optimum for each peak of LDH activity 
was determined. An aliquot from the tube containing the maximal LDH 
activity in each peak was removed and added to barbital buffers, varying in 
pH from 7.4 to 9.2, of 0.1 ionic strength. LDH activity was then reassayel 
as described above. 

The Michaelis-Menten constants (K,) of lactic dehydrogenase were de- 
termined for each of the 5 peaks of LDH activity. One-thousandfold variations 
in the final concentration of sodium lactate (1.6 X 10- moles to 1.6 moles, 

_ pH 7.0, ionic strength 0.1) were employed. DPN was used (0.3 ml. of a 
0.05 M solution adjusted to pH 7.5).% Barbital buffer, pH 8.6, ionic strength 
0.1, was added to an aliquot from the tubes with peak LDH activities. The 
final ~H was 8.6 in a constant volume of 3.0 ml. The mixture was assayed 
for LDH activity and the K,, calculated according to the method of Lineweaver 
and Burk.”4 

The activity of the LDH isozymes from human tissues was studied with 
analogs of DPN.° The deamino and the acetylpyridine analogs* were em- 
ployed (0.3 ml. of a 0.05 M solution for each assay). 


Results 


Normal human serum separated by starch-block electrophoresis revealed 4 
main peaks of LDH activity as seen in FIGURE 1. Most of the activity was 
located in peak 4; peak 5 contained the next highest activity; peak 3 revealed 
Tess activity than peak 5; and peak 2 contained least activity. This distribu- 
tion is characteristic of normal human serum and has been obtained con- 
‘sistently.'* Peak 2 is located in the y globulin; peak 3 in the @ globulin; 

“peak 4 in the a2 globulin, and peak 5 is found between the a; globulin and the 
albumin, as indicated by the protein curve in FIGURE 1 for leukemic serum. 
The proportion of the total LDH activity in each peak is altered in various 
‘disease states. Ficure 1 shows that in serum from a patient with myocardial 
infarction peak 5 contained most LDH activity whereas, in leukemic serum, 
“peak 4 became larger than in normal serum so that the ratio of LDH activity 
‘i peak 4 to that in peak 5 increased.' In serum from a patient with hepatitis 
“most of the LDH activity is found in peaks 1 and 2, whereas in serum from 
4 patient with hemorrhagic pancreatitis there appears to be an elevation of 
peak 3 (rIcuREs 1 and 2). Ficure 3 shows that after a period of hemorrhagic 
Be ccncion in dogs all 4 peaks of serum LDH activity are elevated; therefore 
it should be emphasized that when shock supervenes in myocardial infarction, 
leukemia, hepatitis, or hemorrhagic pancreatitis the serum LDH isozyme 
attern may differ from the pattern observed when only one organ is affected. 
‘urthermore, alterations in the serum LDH isozyme pattern will occur when 
hemolysis plays a prominent role in the disease process, as in pulmonary 
nfarction, hemorrhagic pancreatitis, and some cases of shock. 
The LDH isozymes of various human tissues are seen in FIGURES 4 and 5. 
Five isozymes were observed, although not all 5 appeared in each of the tissues. 
Liver exhibited 1 major and 4 minor ones, and lung exhibited 2 major peaks 
ind 3 minor ones. Kidney, pancreas, red cells, and white célis revealed 4 


; Obtained from the Nutritional Biochemical Corporation, Cleveland, Ohio. 


880 Annals New York Academy of Sciences 


peaks, and heart and skeletal muscle had 3. The percentage of the total. 
LDH activity found in each peak varied within the limits indicated in TABLE 
1. and it will be seen that the activities of peaks 3 to 5 in tissues such as liver: 
ond lung, from which red blood cells could not be completely removed, had 
large standard deviations probably due to the varying contributions from red 
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FicurE 1. Distribution of lactic dehydrogenase activity in normal human serum and sera 
from patients with myocardial infarction, chronic granulocytic leukemia, and infectious hepa- 
titis. These four sera were separated simultaneously on a starch block. Note that each 
patient shows alterations in individual LDH activity peaks from the normal pattern. The 


curve with the broken line for the leukemic serum represents the electrophoretic pattern 
The origin is indicated by the arrow. 


blood cells of LDH isozymes 3 to 5. Furthermore each tissue had a character: 
istic distribution of LDH activity. Most of the LDH activity in heart ap- 
peared in peak 5, with a small component in peak 4 whereas, in liver anc 
skeletal muscle, the majority of the activity was found in peak 1. In homoge. 
nate of pancreas, peaks 3 and 5 contained most of the LDH activity (FIGURE 2. 
whereas, in lung, most of the activity was in peaks 3 and 4, with appreciable 
activity in peaks 1, 2, and 5. In kidney homogenate most of the LDH ac 
tivity was divided between peaks 4 and 5, and in leukocyte extract peak + 


} 
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was highest (TABLE 1). The mobility of each of the activity peaks in 1 tissue 
resembled the mobility of the corresponding peaks in other tissues, as shown in 
FIGURES 4 and 5. é 
The pH optima of the 5 LDH isozymes were compared. TABLE 2 shows 
that the values were quite similar, ranging from 7.8 to 8.5. These differences 
in PH optima were not statistically significant. 
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Ficure 2. The upper curve represents the lactic dehydrogenase activity of homogenate 
i human pancreas separated simultaneously on a starch block with serum from a patient 
with acute pancreatitis (lower curve). Note the elevation of serum peak 3 that contained 42 

er cent of the total LDH activity. Normally this peak contains 19 per cent.!_ It corre- 
sponds in electrophoretic mobility to the peak in pancreatic tissue with highest LDH activity. 


The Michaelis-Menten constants (K,,) were calculated for the 5 activity 
eaks. The values obtained (raBLE 3) revealed no significant differences 
among peaks 3, 4, and 5. However, the K,, of peaks 1 and 2 (4.2 and 5.6 
< 10-* moles respectively) were greater than the K,, of peaks 3, 4, and 5 
(1.0 to 2.0 X 10-* moles). 

Differences were observed in the kinetic behavior of the LDH isozymes 
jward 2 DPN analogs, as shown in TABLE 4. The ratio of maximum LDH 


tivity between the reaction with deamino-DPN as coenzyme and the re- 
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action with acetylpyridine-DPN as coenzyme was 14 for isozymes 4 and 5, , 
whereas it was 2 for isozyme 1. Standard deviations from the mean are: 
included in TABLE 4. 

The activity peaks isolated from the starch block were rerun on a second | 
starch block. No alterations in mobility from the starting material were: 
observed; nor did a single peak yield more than a single peak when rerun. , 
FIGURE 6 shows peak 1 from liver homogenate rerun on a second starch block : 
under identical conditions, and the rerun on a second starch block of a pool of ° 
peak 5 from heart homogenate and peak 4 from kidney homogenate. 
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FicurE 3. Distribution of lactic dehydrogenase activity i i 
I y in normal dog plasma (dotted line) 
and in plasma from the same dog after 4 hours at arterial pressure 30 nh Hg eae ina 


Both plasmas were separated simultaneously on a starch block. Reprod ission 
of the Society for Experimental Biology maf Medicine. A ee 


The tissue homogenates when separated by starch-gel electrophoresis 
yielded patterns similar to those observed on a starch block. FicurE 7 
shows the 3 main LDH isozymes in human hemolysate separated by starch-gel 
electrophoresis with Na,HPO,-citric acid buffer, pH 7.0. The 3 isozymes of 
hemolysate isolated from a starch block and rerun on the gel are also shown to 
demonstrate that no change in mobility has occurred under the conditions 
employed. 


“J 
Utilizing starch-block electrophoresis, 3 main peaks of LDH activity in 
human serum and red blood cells were demonstrated,! with a small fourth 


Discussion 
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_ peak present in the gamma-globulin region.2, It was shown that in nor- 
mal serum approximately 47 per cent of the total LDH activity was present 
in the a, peak, 34 per cent between the a; globulin and albumin, and 19 per 
cent in the # globulin.' In cases of myocardial infarction the @, peak con- 
tained more than the normal portion of the total LDH activity, and in leu- 
kemic serum the ay peak became differentially elevated.' It was suggested 
that in disease states alterations from the normal pattern arose as a result of 
release of enzyme from the damaged tissue. This suggestion received support 
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 Ficure 4, Distribution of lactic dehydrogenase activity in homogenates of human heart, 


kidney, liver, and skeletal muscle. These tissue homogenates were separated simultaneously 
on the same starch block. The origin is indicated by the arrow. 


from electrophoretic studies of sera of dogs in hemorrhagic shock.” In hemor- 
thagic shock widespread tissue damage results from generalized anoxia, and 
it was found that all 4 peaks of LDH activity were elevated in shock serum.! 

urthermore, the data presented in this paper on LDH isozymes in human 
tissues lends support to the idea of enzyme release from damaged tissues as a 
cause of alterations in the pattern of LDH isozymes in serum. The selective 
elevation of the LDH isozyme with the mobility of a, globulin in sera of 
atients with myocardial infarction correlates with the observation that these 
re the locations of most of the LDH activity in heart homogenate.'-#"5° 
The elevation of the peak of LDH activity in the az globulin in certain leu- 
emic sera! correlates with the observation that the majority of LDH activity 
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in leukocytes is contained in this activity peak. The elevation of the LDH» 
activity peak in the B globulin and the appearance of a large activity peak in 
the y globulin in serum from some patients with hepatitis are in harmony with 
the observation that the majority of the LDH activity in liver homogenate re- 
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Ficure 5. Distribution of lactic dehydrogenase activity in normal human hemolysate | 
and leukocyte extract. Reproduced by permission of The Journal of Clinical Investigation 


TABLE 1 


Lactic DEHYDROGENASE ACTIVITY IN FRACTIONS OF HUMAN TISSUES WITH 
STANDARD DEVIATIONS 


Per cent total activity in each peak 
Tissue Reso 

1 2 3 4 5 - 
Heart 10 3+ 2.7 | 244 4.6] 73 + 5.0 
Kidney 10 1+ 2.7|12 + 4.0 | 44+ 5.7 | 43 4 6g 
Liver 10 | 41 + 10.4) 23 + 11.1] 254+ 80] 8+7.2] 3+ 8.2 
Skeletal muscle 6 | 79 + 8.2.) 16 2°31). 5 a 4.0 \ 
Hemolysate 5 1+ 1.8) 12 + 2.9 | 444 4.3 | 43 4 2.2 
White blood cells 5 6+ 3.6} 33 + 6.1 | 49 + 5.1 | 12 + 3.6 
Lung 3 12+ 0.6) 5+ 2.9 | 35 + 16.8} 34 + 12.0) 14 + 12.3 
Pancreas 3 2+ 0.6/49 + 1.7] 12 + 5.2 | 37 + 2.9 
—- —<—— ee 
TABLE 2 { 
pH Optima or 5 Praxs or LDH Activity d 
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 j 
Heart 8.0 8.1 3.2 9 

Hemolysate 8.0 8.2 8.5 

Kidney 7.8 8.1 Sit 

Liver 8.3 8.3 
8.2 8.2 


Skeletal muscle 
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sides in peaks with similar mobilities. Furthermore the elevation of the B- 
globulin peak of LDH activity in serum from patients with hemorrhagic pan- 
creatitis correlates with the observation that the majority of the LDH activity 
in homogenate of pancreas has similar electrophoretic mobilities. In one pa- 


‘ TABLE 3 
MIcHAELIS-MENTEN Constants (Lactate) X 10-4 M/]. ror 5 Peaxs or LDH Activity 


Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 
Heart 0.19 0.15 0.12 
Kidney 0.10 0.20 0.10 
Liver OF27 0.15 
Skeletal muscle 0.26 0.24 
TABLE 4 


Ratio oF LDH Activity wits DPN AnaAtocurs As COENZYME 


Ratio of LDH activity 
Peak Tissue deamino-DPN/3-acetylpyridine- 
DPN 

1 Liver 3241 
1 Skeletal muscle 341 
4 Heart 14+ 2 

rs 4 Kidney 144+ 2 
5 Heart 14 + 2 
5 Kidney 144 2 
60 

Peak | of liver 
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f 6. The patterns obtained when peaks isolated from a starch block were rerun on a 
Ee erlack. ie per curve pies: peak 1 of liver homogenate, rerun on a second 
. The lower curve represents a rerun of a pool of peak 4 from kidney homogenate, and 

peak 5 from heart homogenate on a second block. Note that when these peaks are rerun 
1ey do not alter in mobility or give rise to peaks not present in the initial run. Reproduced 
yy permission of The Journal of Clinical Investigation. 
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tient who had an acute attack of chronic relapsing pancreatitis associated with | 
alcoholism there was an elevation of serum isozymes 1 and 2, which probably : 
reflected liver damage. Electrophoretic separation of serum prior to LDH as- - 
say provides a greater specificity in the localization of pathology and appears to} 
offer, therefore, an approach to the diagnosis of several diseases. Caution must | 


Ficure 7. Distribution of lactic dehydrogenase activity in human hemol 
by starch-gel electrophoresis. Peaks 3, 4, and 5 isolated front human henohecte a 
on a starch block have been rerun on a Na2HPO,-citric acid starch gel at pH 7.0, the isoelectric 
point of hemoglobin that remains at the origin. Note that under these conditions the peaks 
isolated from the block correspond in mobility to those obtained by separation of hemolysate 
on the gel; they do not give rise to additional peaks. 


be exercised in the interpretation of the serum LDH isozyme pattern because 
the supervention of either shock or hemolysis in the patient may alter the pat- 
tern observed and therefore complicate the interpretation. . 

Recent comprehensive reports by Hess and Walter,!? Hill,!¥ Weime," and 
Wroblewski ef al.!° are in general agreement with these results. However 
Wrdblewski e¢ al.'° and Wieme," utilizing starch- and agar-gel electronuaeal 
respectively, identified 5 LDH isozymes in normal serum, 1 more than had 
been observed employing starch-block and continuous-flow electrophoresis.!# 
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This additional isozyme was present in the y globulin in trace amounts." 
Kither by concentrating the eluates from the starch block or by using less 
fluid to eluate the protein from the block we have confirmed the presence 
oi this peak that normally accounts for approximately 2 per cent of the 
total serum LDH activity. 

A wide variety of enzymes are known to exhibit different molecular forms in 
1 organism and even in 1 tissue.25 Wieland and Pfleiderer demonstrated 
several electrophoretically distinguishable isozymes of LDH in various organs 
of the rat° and, in these pages, have offered evidence that these LDHs differed 
in their amino acid composition, the more rapidly migrating isozymes con- 
faining more acidic and less basic residues.3° In human tissues the K,, and 
Kinetic behavior with DPN analogs of isozymes 3, 4, and 5 were similar but 
varied from the K,, and DPN analog kinetics of isozymes 1 and 2, suggesting 
that the active centers of isozymes 3, 4, and 5 differed from the active centers of 
isozymes 1 and 2. Differences in electrophoretic mobility of isozymes 3, 4, and 
5 may be explained by postulating structural differences in the enzyme other 
than at the active center. These differences could influence the intracellular 
location of an enzyme,* and could affect the binding of an enzyme to different 
cytoplasmic particles within a specialized cell. One gene might control the 
catalytic site, and other genes or the chemical environment of the cell might 
determine the attachment site of the enzyme.” This hypothesis may apply to 
the species differences in insulin, ACTH, and ribonuclease.*® Recent studies 
of polymorphism in pseudocholinesterase reveal that the mutant enzyme 
differs from the normal type in pH optima and in affinity for different sub- 
strates.*® In this case, the gene probably determines the polypeptide chain of 
the catalytic active center of the enzyme. 


- Summary 


_ Five LDH isozymes were found in human tissues, and each of the homog- 
énized human tissues examined electrophoretically exhibited heterogeneity of 
JDH activity. Each tissue had a constant number of activity peaks and a 
hharacteristic distribution of LDH activity in these peaks. The major portion 
of the LDH activity in heart homogenate was in peak 5, with a minor com- 
Jonent in peak 4. Liver and skeletal muscle had greatest activity in peak 1; 
ancreas in peaks 3 and 5; lung in peaks 3 and 4, with some activity in peaks 
2, and 5; leukocytes and serum exhibited greatest activity in peak 4, whereas 
hemolysate and kidney had most activity in peaks 4 and 5. 
_ Alterations of the serum LDH isozyme pattern in disease states correlated 
ith the pattern of LDH isozymes in the damaged organ. In sera from cases 
acute pancreatitis there was an elevation of peak 3, the peak containing most 
§ the LDH activity in pancreas, whereas in hepatitis serum a large peak of 
DH activity is described that is present only in trace amounts in normal 
n and that had the same mobility as the peak in liver with greatest LDH 
vity. These observations suggest that assay of the LDH activity in the 
ictions of electrophoretically separated serum permits a greater specificity 
localizing pathology than does assay of whole serum LDH activity. How- 
er, alterations in the serum LDH isozyme pattern can be produced by shock 
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or 


— 


hemolysis, which may complicate the interpretation of the isozyme patter 


observed in myocardial infarction, leukemia, hepatitis, and pancreatitis. 


ve 


The use of DPN analogs and studies of Michaelis-Menten constants Te 
aled that isozymes 1 and 2 exhibited different kinetic behavior from isc 


zymes 3, 4, and 5, and suggested that the active centers of isozymes 1 and — 
differed from the active centers of isozymes 3, 4, and 5. 


mn 
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CHROMATOGRAPHIC DIFFERENTIATION OF LACTATE 
DEHYDROGENASE OF HUMAN TISSUE AND SERUM* 


Benno Hess and S. I. Walter 
Medical University Clinic, Heidelberg, West Germany 


In 1958 it was reported by Hill,’ Vesell and Bearn,? and one of the authors 
that LDH as well as other dehydrogenases can be obtained with specific hete: 
ogenous, enzymic, and physicochemical properties in serum of normal ant 
pathological conditions. This was also observed by Wieme.* Since it we, 
obvious that the heterogeneity of serum LDH is a result of heterogenow 
tissue LDH, described in 1957 by Wieland and Pfleiderer® in rat tissues, 
was suggested® that the heterogeneity of serum dehydrogenases should ger 
erally be used for identification and differentiation of serum enzymes wit! 
respect to their cellular origin and should serve as a diagnostic indicator wit) 
high organ-specific properties, an approach originally also applied in case ¢ 
the various alcaline phosphatases by Bodanski® and Roche.’ 

In the meantime various authors added a great deal of information wit! 
respect to basic problems of heterogenous enzymes and also to pathologice 
serum conditions, as we learn from the literature and from this monograph 
In further continuation of our work and for a detailed study of human LD} 
we applied a chromatographic method using a DEAE column for isolation ans 
differentiation of tissue and serum LDH.*" Furthermore, a more practicabh 
chromatographic batch technique was developed for quick differentiation 1 
clinical routine procedure.” We here report the results of our study. 


Methods and Materials 


Column chromatography. Suitable dialyzed samples from serum or tissue an| 
cell extracts (5 to 10 ml.) were chromatographed on DEAE-cellulose columr 
as earlier described in detail." Starting with phosphate buffer (0.008 M #k 
7.0) the elution was continued by increasing the ionic strength from 0.03 t: 
2.0 u, using phosphate buffer of pH 6.0 to which NaCl was added in the late 
stages. The flow rate was 8 ml./hour. The effluent was collected in portion 
of 2.5 to 3 ml. in a fraction collector at +-4° C. and checked for LDH activity 
Also, a parallel analysis of the chromatographically separated serum protein 
was made by paper elektrophoresis, immunelektrophoresis, ultracentrifugatior 
absorption spectra, and chemical analysis.!° We found a good reproducibilit 
and an LDH activity yield of 90 to 100 per cent. : 

Batch technique. ‘Two ml. serum or tissue extract (dialyzed against 0.02 
phosphate of pH 6.0) of a known LDH activity was mixed with 2 ml. DEAF 
cellulose suspension (10 per cent in 0.02 M phosphate pH 6.0). After 10 mir 
of gentle stirring the mixture was centrifuged, and the LDH-activity wa 
measured in the supernatant. The differences found before and after treat 
ment with the DEAE cellulose show the amount of LDH activity absorbe 


* The work described in this article was substantially supported by a grant from t 
Deutsche Forschungsgemeinschaft, Bad Godesberg bei Bonn, West Garman i 
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(within +5 per cent of the error). For exact calculation the dilution factor 
is taken into account (Hess and Walter). 

Determination of LDH activity. By means of the optical method, tests were 
performed either directly in the fraction volume or in an aliquot added to a 
fst sample of phosphate buffer (0.2 M, pH 7.0) with a final volume of 2 ml. 
In both cases DPNH (0.5 uM) and pyruvate (1.0 uM) were added. The 
activity was expressed in Biicher units per milliliter and per milligram protein 
respectively.’ Protein was determined by the Biuret method according to 
Weichselbaum." The substrate affinity of LDH for pyruvate was calculated 
according to Lineweaver and Burk.“ 

Preparation of tissue and cell extracts and serum. Extracts from human 
Organs were prepared as described earlier." No significant loss in LDH ac- 
tivity was found in tissues between 24 and 72 hours post-mortem. Hemoly- 
Sates from erythrocytes and extracts from thrombocytes were obtained accord- 
ing to Lohr and Waller.!® Serum was separated from fresh blood immediately 
alter clotting. Hemolysis was carefully avoided. For column chromatog- 
raphy it was necessary to dialyze serum and extracts 4 hours at +4° C. against 
31. of phosphate buffer (0.008 M, pH 7.0). For the batch technique a dialy- 
sis against 1 1. of phosphate buffer (0.02 M, pH 6.0) for 2 hours at room 
temperature was sufficient. Dialysis showed no significant effect on the LDH 
activity. A slight turbidity was always observed in the sera after dialysis 
and spun down in the centrifuge. It turned out to be a small amount of 
ind y globulin (about 1 to 3 per cent of the total protein), which never showed 

DH activity. 

_ Reagents. In these experiments only deionized water was used. DEAE 
céllulose,* Na2HPO,-12 HO (p.a.), NaH2PO.-1 H:O (p.a.), NaCl (p.a.), 
digitonin, + sodium pyruvate,f and DPNH§ were used. 


Results 


The chromatographic technique can be applied as a tool for characterization 
is well as for isolation of heterogenous proteins. The use of DEAE cellulose 
‘or protein fractionation, developed by Sober and Peterson,'* was found to be 
specially convenient for treatment of LDH proteins. In agreement with 
sults obtained by the electrophoretic technique, 5 to 6 different fractions of 
DH can be obtained from various sources. The feature of the structural 
ttern of LDH is defined by the number and chromatographic distribution of 
ie fraction bands as well as by the ratios of their activities. Ninety per cent 
f the total activity of an LDH pattern is distributed between 1, 2, or 3 chro- 
jatographic locations. The given location of a band is independent of aging 
heating (up to 56°C.). A mixture of 2 fractions can be rechromatographed 
nd recovered without loss of activity at the original location. 

‘Normal human serum contains a small LDH band that is found at the site 
the LDH bands of erythrocytes (No. I or I), of thrombocytes (No. II) and 
* Obtained from Serva-Entwicklungslabor, Heidelberg, West Germany. 

+ Purchased from Merck AG, Darmstadt, West Germany. 


From Hoffman-La Roche GmbH, Grenzach, Baden, West Germany. 
§ From C. F. Boehringer and Son, GmbH, Mannheim, West Germany. 
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of heart muscle (No. II). Thus we cannot easily distinguish which one o 
these cells is the source of normal human serum LDH. Whereas heart musel! 
seems to be excluded because of its slow cellular turnover both blood cell type 
can well serve as a LDH source. Furthermore, leukocytes and intestina 
mucosa must be considered.’ 

In pathological sera a variety of LDH patterns can be found in accordance 
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Ficure 1. LDH pattern of human li i i i 
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with data obtained by electrophoretic technique as demonstrated in greater 
detail elsewhere in these pages. Ficure 1 summarizes the LDH pattern of 
Normal human liver (a) and hepatitis sera (b and c). The major activity, it is 
found, is not absorbed by the DEAE cellulose and therefore collects in the 
first set of fraction tubes. In spite of the great lability of this LDH band a 
good recovery is obtained on isolation from liver extract. Also, the serum 
LDH band is found at the expected location in case of slight (0) or severe (c) 
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_ Ficure 2. LDH pattern of human heart and serum of a patient with myocardial infarc- 
ion (see text). 


spatitis. The additional LDH bands in 6 are identified as the blood cell 
mpe band and are probably due to hemolysis. 
‘The LDH pattern of human heart and serum of a patient with myocardial 
farction is shown in FIGURE 2. ‘The LDH bands of human heart are strongly 
sorbed by DEAE cellulose, in contrast to those of liver LDH. The activity 
itio of the two bands (I < I), as well as their location, is typical for this 
ssue. Thus the identification of the pattern does not raise problems of over- 
ping. 
The LDH pattern of human blood cells is of special significance for identifi- 
‘ion of the pattern of normal serum. FicuRE 3 demonstrates a number of 
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typical LDH bands of human erythrocytes. Whereas a three band type ( 
and 6) is found in a number of cases to correspond to the findings of Vesex 
and Bearn? with the electrophoretic technique, a two-band LDH pattern 
the same activity ratio (I < II < II, band I lacking) can also be found. - 
special difference in the three cases is not obvious. In case @ erythrocyte 
were obtained from a patient with sprue. The samples were freshly takes 
and analyzed. In case b erythrocytes 10 days old from a blood bank samp) 


Ol ea Gi) ma 5 é 7 Sol. 
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Ficure 3. LDH pattern of human erythrocytes and serum of a patient with perniciov 
anemia (for explanation see text). 


were analyzed. In case c a young normal person supplied the sample, whic 
was also freshly analyzed. Finally, in case d a serum from a patient wit 
pernicious anemia was analyzed, and a typical erythrocyte LDH pattern « 
the two-band type was found. As described earlier!” pernicious anemia | 
associated with a strong increase of LDH activity in serum. Summarizin; 
erythrocytes may contain a two- or three-band pattern of LDH. A basis fc 
an explanation of this LDH variety in a given cell type may be seen in genet 
cal differences of the individuals, a hypothesis that needs further clarification 

A number of properties of LDH from human tissues and serum are gathere 
in TABLE 1, where the chromatographic location of LDH bands are related t 
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the corresponding serum proteins of the same fractions. The pattern o 
thrombocytes, kidney, and skeletal muscle are included. It is of interest thai 
the chromatographic properties do not necessarily follow the rules observee 
with the electrophoretic technique. Thus the main fraction of albumin i 
eluted prior to the main band of heart LDH. | 

On the basis of the chromatographic properties a batch technique was de 
veloped. The aim of this method was not so much the pure isolation ana 
complete characterization of several pure LDH than the “one-step” analysis 
and identification of the main LDH types from mixtures of these as it occurs 


TABLE 2 
CHROMATOGRAPHIC DIFFERENTIATION OF LDH By BaAtcH TECHNIQUE 


LDH activity in the sample 


Total Not adsorbed | Control-test yc 


total 
activity) 


E ce Material Remarks 


Calcu- 
c.u.y*| (%) | @U.) | @%) | tated | Found 
Es 2a 


1 | Serum, hemolyt- | 0.99 | 100 | 0.11 | 11 | 0.88 | 0.90 | +2 Q 55 years old 
ical anemia 

2 | Serum, hemolyt- | 1.22 | 100 | 0.17 | 14 | 1.09 | 1.05 | —3.3 | @ 75 years old 

3 

4 


ical anemia i 
Serum, myocar- | 1.96 | 100 | 0.13 | 7 | 1.86 | 1.84 | —1.2 | 960 years old 


dial infarction reinfarction 
Serum, myocar- | 1.70 |.100 | 0.13 | 7 | 1.61 | 1.82 | +12.4| 9 26 years ole 
dial infarction anterior- 
x transmural 
5 | Serum, hepatitis | 1.23 | 100 | 0.98 | 80 | 0.42 | 0.37 | —4.1 | @ 57 years ole 
epidemica acute | 
6 | Serum, hepatitis | 1.00 | 100 | 0.73 | 73 | 0.46 | 0.45 | —1.0 | @ 61 years old 
epidemica : acute ] 


7 | Serum, cirrhosis | 0.270| 100 | 0.176| 65 | 0.160] 0.174| +5.2 | & 60 years old | 
hepatitis de- ; 


compensated 
8 | Erythrocyte he- | 7.25 | 100 | +0 |+0 | 7.25 | 7.10 | —2.1 | Digitonin-he- 
molysate (hu- molysate 


man) diluted : 
9 | Skeletal muscle | 5.20 | 100 | 4.20 | 80 | 2.28 | 2.40 | 42.3 1:14 diluted 
extract (human) ; 


*T.U. = international units. 


for example, in human blood, especially under pathological conditions. Th 
importance of such findings for clinical problems increases with simplification 
of the method, which must, however, still include the possibility of a quanti 
tative assay. 

The results of this method are given in TABLE 2. Various percentages 0 
nonadsorption are found in liver, heart, and erythrocytes LDH, and also ii 
pathological sera containing heterogenous LDH proteins. The simple tes 
is useful for quick differentiation of LDH activity, for instance in jaundic 
due to a hemolytic syndrome or hepatitis. 4 
his eae discussion of the implications of the findings is given in Hess an 

ter: 
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Summary 


Chromatographic analysis of LDH protein in various human tissues and in 
sera of pathological conditions reveals a typical pattern of the LDH structure. 

On the basis of typical chromatographic location, activity ratio, and number 
of protein bands, the origin of a given LDH activity can be identified. 

For a quick identification of LDH proteins a chromatographic batch tech- 
nique is described and applied to various samples. This method is also useful 
for identification of other proteins. 
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THE FIFTH (ELECTROPHORETICALLY SLOWEST) SERUM 
LACTIC DEHYDROGENASE AS AN INDEX OF 
LIVER INJURY 


R. J. Wieme 
Laboratory of the Medical Clinic, University of Ghent, Ghent, Belgium 


Y. Van Maercke 
Department of Physiopathology, University of Ghent, Ghent, Belgium 


Introduction 


Total lactic dehydrogenase activity (LDH) of normal human serum ha 
been separated by different electrophoretic techniques into 5 fractions. 1 
this paper we shall consider the significance of that LDH fraction that, at pb 
8.4, migrates most slowly, and to this fraction we shall refer, according to con 
ventional electrophoretic practice, as LDH5. Under Enzymoelectrophoresi: 
below, we describe the technique of electrophoresis and of enzyme detectio% 
(‘“enzymoelectrophoresis’’) used in our studies. Under Review of Data Con 
cerning Human Serum LDHS5 we review findings concerning LDHS that a; 
ready have been published, and, under Vew Experimental Investigations we ra 
port on new experiments done on rats and monkeys. It is concluded tha 
direct experimental proof has been given of the relation between the serum 
level of LDHS and the necrotic turnover occurring in liver cells. 


Enzymoelectrophoresis 


By this term we designate a special technique for the electrophoretic stud: 
of enzymes. To this end the mixture containing the enzymes is subjected t 
electrophoresis in an agar gel and, immediately afterward, enzyme activity - 
revealed by applying a spectrophotometric technique of enzyme assay over th 
whole length of the electrophoresis plate. Enzyme activity can be followe 
by direct. photometry, since an agar gel is transparent down into the ultre 
violet of medium range. q 

In enzymoelectrophoresis we couple agar-gel electrophoresis to a Warbur 
type of enzyme assay. This is to be compared to immunoelectrophoreti 
techniques that combine agar-gel electrophoresis with an Ouchterlony type 
immunoprecipitation.2 It is because of this analogy that we coined the tert 
enzymoelectrophoresis, using immunoelectrophoresis as model and excuse.?4 

Enzymoelectrophoresis is not to be confused with histochemistry technique 
applied to an electrophoretic medium. A basic difference resides in the wa 
substrates are introduced into that medium and, also, in the way enzyme k 
netics are followed. In enzymoelectrophoresis, substrates are introduced b 
diffusion out of a second agar layer (of identical dimensions) laid on the ele 
trophoresis plate after completion of the electrophoretic run (FIGURE 1). Th 
has the advantage of minimizing broadening of the bands, since no elutir 
occurs, as may be the case if the plate is simply bathed in a fluid solution col 
taining the substrates. Furthermore, the twinned plate can easily be tran 
ferred into a spectrophotometer, and the kinetics of the enzyme reacti¢ 
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plotted. Especially the conversion NAD @ NADH)* can easily be followed 
is an indicator of enzyme activity (spectral range 340 to 370 mu). 

For electrophoresis proper, we use a technique of agar-gel electrophoresis 
weviously described, which yields fractionations of outstanding quality.*® 
Phe sample to be analyzed is applied in a very narrow groove (length 4 mm., 
width one-fourth mm.) cut into the gel. Separation is achieved in about 25 
min., since very high field strengths (30 v/cm.) are applied; under these condi- 
jons human albumin migrates over about 50 mm. Cooling and sealing of 
he plate against evaporation is obtained by immersing the gel in petroleum 
ther of low boiling point (25° to 50° C.). It is also very important to regu- 
arize the electroosmotic flow, which has a high intensity, by placing large 
igar blocks as bridges between the electrophoresis plate and the electrode 
ups. The whole experimental setup is kept simple by using microscope slides 
0.9 X 25 X 76 mm.) covered with an agar layer of 1.5mm. Thus the elec- 
rophoretic field is short and, with only 200 v between electrodes, a real high- 
foltage electrophoresis is realized. Since the electrophoretic field remains 
trictly homogeneous during the whole duration of the run, electrophoretic 


Ficure 1. Basic features of enzymoelectrophoresis: two agar-gel plates of identica 
: : Pp Ry ies 
imensions are brought into contact. Plate £ is the electrophoresis plate (containing the 
nzymes separated by electrophoresis) ; S is the substrate plate. 


Bhilities can validly be measured. Generally we restrict ourselves to meas- 
fement of m, (relative mobility) values, that is, relative electrophoretic mo- 
ilities: the ratio of the distance covered by the substance X to that of pure 
uman albuminf under identical electrophoretic conditions. However, a re- 
ent modification in our technique® assures rigid thermostatic control; hence 
easurements of absolute mobilities now can be made. 

For the investigations we are dealing with, the electrophoretic separation 
s effected in an agar gel containing 1 per cent of Difco Special Agar-Noble 
ot especially purified; see further, however, under ‘Practical Observations,” 
slow) in a barbital buffer of pH 8.4 and ionicity 0.05. The size of the sam- 
le was 1.5 to 1.8 yl., introduced with a graduated capillary into a small slit 
it into the gel and carefully dried by sliding a piece of filter paper into the 


While the electrophoretic separation is progressing, the substrate plate is 
yured.47 For detection of LDH activity, it should contain pyruvate and 
ADH:;. Good results are obtained with a plate prepared as follows.~ Into 
* NAD = DPN of the old nomenclature; NADH: = DPNH of the old nomenclature. 


D is nicotinamide-adenine dinucleotide. 
+ Obtained from Behringwerke, Marburg, West Germany. 
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test tubes are pipetted 2 ml. of a 2 per cent solution of Difco Special Aga; 
Noble in barbital buffer of pH 8.4 and ionicity 0.10. Those tubes constit 
a stock for later determinations. If a substrate plate is to be poured, one : 
those tubes is taken, 0.5 ml. of bidistilled water is added, and the whole: 
heated in the water bath. When the gel has completely dissolved, 1.0 ml. 0 
solution containing 2 mg./ml. of a commercial NADH,” is added; finally 0.1 
ml. of a 0.1 M solution of sodium pyruvate is added. The contents of t 
tube are then poured on a microscope slide that is carefully leveled and 
left for setting. 

Upon completion of the electrophoretic run, the plate containing the sam 
is placed on top of the substrate plate in order to have a direct contact 
tween both agar layers. One should be careful not to trap air bubbles betwee 
them. This twinned plate is immediately transferred to a sensitive spectri 
photometer modified to provide scanning of the plate in steps of one-fourt 
mm. with an optical slit of one-fourth by threemm. Readings of optical de: 
sity are taken at intervals of one-fourth or one-half mm., as rapidly as poss 
ble. A base line is obtained corresponding to the optical density as measure 
at each point of the twinned plate. This should have constant value ov) 
the whole length of the field. However within a few minutes the substrat 
diffuse into contact with the enzyme, and modifications in light absorptic 
will become manifest at the zones presenting enzyme activity. 

With LDH, the NADH; is oxidized into NAD and optical density (read « 
340 or 366 mu) decreases; in the base line, negative peaks (dips) appear. FE 
placing the light beam on one of these areas of changing optical density, k 
netics of the reaction can be followed. More often we simply effect a secor 
scanning after 30 or 35 min., the time that was found to be optimal. Fro: 
the area enclosed between the dips, percentages between fractions can be ¢a 
culated (calculation of surface percentages or S per cent; see Wieme‘); altern: 
tively a cut may be given in the gel at each minimum and, thus, the electr 
phoretic mobility of those fractions may be measured by comparing, aft 
staining of the plate, the distances between the cuts to the distance covered b 
the reference albumin. After the final scanning, the plate is fixated in th 
usual way in an acid alcoholic solution, dried and stained for proteins. Fr 
more details the reader is referred to the original papers! 4-2 or to Wieme.® 


Review of Data Concerning Human Serum LDH5 


In 1957 Vesell and Bearn® together with Sayre and Hill!° were the first » 
describe electrophoretic multiplicity of serum LDH in the human. TI 
former used starch-block electrophoresis; the latter, paper electrophoresis fi 
that fractionation. Neither mentioned the existence of the very slow LD 
with which we are concerned. 

At that time we were applying the newly described technique of enzym 
electrophoresis! to analogous problems, and our observations were partially 
variance with those results; they were communicated at the sixth Colloquiu 


* DPNH, Boehringer and Son, Mannheim, West Germany. 
+ Experiments have demonstrated that better results are obtained with a concentrati 


of pyruvate that is inferior to the value recommended in previous publications; LDH5 es] 
cially is then better revealed. : 
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mi Protides of the Biological Fluids (Bruges, Belgium, May 1958)" In nor- 
mal human serum the dominant LDH activity is found at the level of the 3 
fractions described by the above-mentioned authors; however in all normal 
human sera a fourth, slower LDH fraction is revealed by enzymoelectrophore- 
sis and, in extracts of human tissues (among others, liver and cardiac muscle), 5 
fractions are demonstrated. The pattern found in human-heart tissue, where 
the most rapid LDH dominates is quite different from that seen in human liver. 
lt explains the typical shiftings described by Vesell and Bearn in myocardial in- 
farction, in which the most rapid serum LDH becomes the dominant one. 

At that time we had made some observatioris pointing to the presence in 
human serum of a fifth, very slow LDH whose mobility corresponds exactly 
to that of the LDH5 demonstrated in nearly all human tissues, especially in 
liver cells. By increasing the amounts of normal serum applied for analysis, 
this very low LDH could clearly be demonstrated and, at the Fourth Inter- 
national Congress on Biochemistry (Vienna, Austria, September, 1958),” we 
were able to communicate that in normal human serum a LDHS is present; 
its concentration is, however, extremely low. 

This low concentration may furnish the explanation for the fact that Engl- 
jardt-Gélkel e¢ al. also failed to detect more than 3 LDH fractions on paper 
sherograms of human serum. 

‘In certain pathological conditions, different from those signaled by Vesell 
ind Bearn, very clear-cut modifications of serum LDHS occur, especially in 
ucute hepatitis. Those modifications were studied in a paper dealing with 
he application of LDH enzymoelectrophoresis to the diagnosis of liver disease.’ 
In all 8 cases of acute hepatitis that were analyzed, profound modifications 
vere seen in the level of LDH5, with percentages ranging from 35 to 52 per 
‘ent as compared to 1 to 8 per cent found in normal serum. In 1958 Vuyl- 
teek and Wieme" gave a typical illustration of the value of LDH enzymo- 
Jectrophoresis in medical diagnosis. In a patient in whom all symptoms 
also total LDH assay in the serum and electrocardiographic evidence) sug- 

‘sted myocardial infarction, it was demonstrated by electrophoretic fractiona- 
om of serum LDH that this affection could not be involved. 

A detailed study of the multiplicity of LDH as found in human serum and 
ues was made in a study we devoted to the multiple aspects of agar-gel 
ctrophoresis.t The concentration of LDH5 is much higher in cord blood 
fter normal partus) than in blood of the adult (raBtE 1). No clear differ- 
ices are manifest when plasma is used instead of serum. No strong modifica- 
ons are seen when serum is stored for weeks at +4° C. In normal human 
ine, high percentages of LDHS5 can be found in nearly one half of the in- 
viduals; in others that fraction is either absent or present in traces. In 
ormal cerebrospinal fluid, only traces of LDHS are found. LDHS5 seems to 
s entirely absent from human red blood cells; here LDH1 and LDH2 strongly 
ominate; LDH4 makes up for a few percentages, while LDH3, being exactly 
eruent with the hemoglobin cannot be studied; these results are in agree- 
nt with observations published by Vesell and Bearn’ in a paper especially 
voted to the multiplicity of malic dehydrogenase. 
Different tissues were also studied, and our previous results confirmed (TA- 
pe 1). Electrophoretic mobilities in serum and tissue value of corresponding 
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LDH fractions apparently are identical. The m, was measured and found t 
be: 0.93 (s = 0.014), 0.69 (s = 0.014), 0.45 (s = 0.010), 0.22 (s = 0.020) a 
0.02 (s = 0.013). Determinations were made on 11 serum samples. ae | 

Attention was drawn to the special position taken by the skin (cutis): i 
LDH activity is very high; no trace of LDH1 and LDH2 is found, while LDH 
LDH4, and LDHS are present in nearly equal amounts. This distribution 
similar to that found in skeletal muscle. The work cited‘ ends with a chapte 
on the use of LDH enzymoelectrophoresis in clinical chemistry. Its value i 
the diagnosis of myocardial infarction and of hepatitis was confirmed and th! 
simplicity of the analytical procedure stressed. We pointed to the fact tha 
it becomes possible to demonstrate an eventual double origin for an increas 
of total LDH activity in serum. Indeed in patients presenting myocardid 


TABLE 1 
S Per CEentT* AS OBSERVED ON DIFFERENT MATERIAL OF HUMAN ORIGINT 


LDH1 LDH2 LDH3 LDH4 LDHS 
(%) (%) (%) (%) (%) 

Venous serum (adults) (11 25e2 47.5 18.5 (he 3.2 

samples) s=53}s=107|)s = 34/s = 50]/s = Sf 
Cord blood (normal partus) 1.8 24.2 18.0 20.2 25.9 

(6 samples) 
Cerebrospinal fluid (1 sample) 36 37 21 5 trace 
Red blood cells (2 samples) 39 56 ry 5 none 
Heart muscle (5 samples) 35.0 25.6 11.8 16.4 10.8 
Liver (6 samples) 2.0 4.3 11.0 27.0 55.7 
Renal tissue (6 samples) 12.3 14.0 24.3 2565 23.9) 
Placenta (1 sample) 12 18 15 30 25 
Thymus (1 sample) 10 11 30 28 val 
Skin (cutis) (2 samples) none none 31 31 38 
Skeletal musclet (2 samples) 4 7 21 Pie 41 
Malign tumor tissue (plasmo- 20 13 26 23 17 

cytoma) 


* Percentage between areas. 
t Summarized from results published in Wieme.‘ 
} This determination was effected in the course of the work described in this paper. | 


infarction of great extension we regularly found, in addition to the alread 
classical increase of LDH1, a net increase of LDH5. This suggests that live 
injury is concomitant to circulatory failure. FicurE 2 shows a diagram ot 
tained 48 hours after onset of myocardial infarction in a patient presenting 
systolic blood pressure inferior to 8 cm. mercury. i 

In another work"* it was stressed that the multiplicity of LDH could be see 
even in a homogeneous population of cells. In this connection the multiplicit 
of LDH as found in red blood cells is of special interest. Strictly speaking 
cannot be stated that one LDH is specific for liver and one for heart musel 
what is typical is the ratio between the different LDHs. 

Lowenthal e¢ al." discussed at the eighth Colloquium on Protides of the Bi 
logical Fluids (Bruges, May, 1960) the results they obtained by LDH enzymi 
electrophoresis on normal and pathological cerebrospinal fluid; the concentr 
tion of LDHS is very low. Extracts of the central nervous system were al: 
analyzed for their LDH composition. Electrophoretic mobilities were four 

4 


a 
i 


; 


any 
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to be very similar to those we measured under identical electrophoretic condi- 
lions in other human tissues. The percentages of those LDHs are shown in 
TABLE 2. 

In 1960 Wréblewski e¢ ai.,'8 using starch gel electrophoresis, also demonstrated 
the presence of 5 LDH fractions* in normal human serum. Electrophoretic 
mobilities seem to correspond roughly with those observed in an agar gel, indi- 
eating that the molecular dimensions of those enzymes cannot be markedly 
different. Some discrepancies however are to be noted as to the percentage 
distributions found in normal human serum and in different human tissues: the 


4 nae 


OD. 


“a 1 I | l I 
1 2 3 4 5 


_ Ficure 2. LDH enzymoelectrophoresis of human serum (barbital buffer, H 8.4, ionic- 
0.05). In A, the line of sample application, LDH1 and LDHS have increased. It was 
tained in a patient presenting myocardial infarction with sustained low blood pressure. 
‘om the diagram the following S percentages were calculated: LDH1 45 per cent, LDH2 
3 per cent, LDH3 10 per cent, LDH4 5 per cent, and LDHS 17 per cent. 
as 


4 TABLE 2 
kr, S Per Cent OBTAINED BY LDH ENzyMOELECTROPHORESIS* 


LDH1 LDH2 LDH3 LDH4 LDHS5 
(%) (%) (%) (%) (%)4 
rebrospinal fluid 38.5 30.0 24.3 fa ee! 
bral tissue: 
hite matter 21.3 27.6 25.7 19.4 720 
Grey matter 20.8 24.1 26.6 20.1 8.6 


eakest fraction in normal human serum should be LDH4; in human kidney, 
DHS seems to have been demonstrated; LDH4 and 5 should only be present 
} traces in human-heart muscle. At any rate, the cited authors experience 
me difficulty in recovering LDH activity from the electrophoretic medium, 
ice only 50 to 70 per cent of the total plasma LDH activity was found re- 
rned. ‘Their paper further reports on the modifications seen in serum LDH 
tterns in patients presenting myocardial infarction. 

The composite character of human LDH also became apparent when other 
an electrophoretic techniques were applied. In 1958 Hess'* demonstrated 
t human lactic dehydrogenase of different origin is different as to its pH 


. For simplicity’s sake we adapted their sequence in the numbering of LDH fractions to 
t used in this paper. 
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optimum and its substrate affinity. The application of these differences fc 
specific detection of cellular injury was suggested. 

Hess and Walter?° also demonstrated heterogeneity by column chromatog 
raphy on DEAE cellulose. Elution with a phosphate buffer (pH 7 to 6), ai 
increasing concentrations, first delivers an LDH as found predominantly i 
liver tissue; the main activity present in heart muscle is eluted only at hig 
ionicities. In cases of hepatitis the main LDH activity of serum is eluted ¢ 
low ionicities, as in the case of LDH of liver origin. This “liver LDH” seem 
to correspond within certain limits to our LDHS. However, results of chre 
matographic fractionation are not directly congruent to those obtained bt 
electrophoresis. 

Of special interest is the work of Rosalki and Wilkinson” on differences be 
tween the serum LDH fractions as to their action on a-ketobutyrate: the slow 
est LDH fractions are much more active against pyruvate than against a-kete 
butyrate, while the two most rapid ones are only slightly more active. 


New Experimental Investigations 


(1) Choice of experimental procedure. In the preceding paragraphs evidena 
was presented indicating a direct relationship between serum LDHS and he 
patic tissue. Direct experimental proof was still lacking. To this end carbar 
tetrachloride—a substance recognized to be hepatotoxic—was administere 
to rats and monkeys, and the shiftings occurring at the level of the serux 
LDHs were followed. Carbon tetrachloride was administered by intubation 
a simple and safe route minimizing local necrotic action and affording precis 
knowledge of the actual dose. 

Experiments were first performed on rats. Indeed we had made extensiv 
investigations on*the multiplicity of LDH in rats and mice!”?4 (see also Wir 
land and Pfleiderer; and Pfleiderer and Jeckel*). In most tissues 5 LD! 
fractions were demonstrated by enzymoelectrophoresis; in liver tissue tl 
slowest one strongly dominates, as in the human liver. In the serum of rat: 
5 LDHs may also be revealed; they have mobilities identical to those of th 
corresponding LDH fractions of the tissues, but they are quite different fro1 
the human LDHs (m, = 0.91, 0.80, 0.45, 0.28, and 0.14, determined in ag 
Difco Noble 1 per cent in barbital buffer, pH 8.4, and ionicity 0.05). Pei 
centage distribution is even more different: in all normal rats the slowest LD! 
strongly dominates; in nearly all of them LDH4 is also easily demonstrate: 
while LDH1, LDH2, and LDH3 are revealed in a few sera only. Due 1 
these rather large individual variations, we restricted ourselves to measurir 
the modifications that occur in the area enclosed by the peak corresponding 1 
LDHS. In fact it is this peak that is suspected to reflect liver necrosis; fu 
thermore, all our observations on rats to which carbon tetrachloride was give 
point toward modifications occurring mainly at that level. If absolute vah 
is to be conferred to the measurement of that area, one should be careful to app! 
the samples in equal amounts and to scan the plates after identical time i 
tervals; all other factors (especially temperature) should further be maintaine 
as constant as possible. 

For reasons discussed below, experiments on rats did not prove as satisfyir 
as could be expected. We therefore started experiments on cinomolgus mo 


| 


“ 
ae 


Wieme & Van Maercke: LDHS and Liver Injury 905 


keys (Macaca irus). These Primates proved to present a rather intriguing 
similarity to human beings in the multiplicity of their LDHs. In plasma, 5 
fractions are easily demonstrated whose mobilities are identical, in so far as we 
ean measure, to those of the corresponding fractions in human serum. This 
point needs to be stressed, since conventional serum proteins are clearly differ- 
ent from that point of view. Whether this similarity is a fortuitous fact or 
reveals some fundamental biological property related to the evolution of 


“ ; TABLE 3 


DistRIBUTION OF LDH Fractions 1n PLAsMA AND SoME TissuES IN NoRMAL 
Monkeys (Cryomozaus) 


‘“ 
“ LDH1 LDH2 LDH3 LDH4 LDH5 
“4 (%) (%) (%) (%) (%) 
Plasma: 
“individual 1 11.5 14.6 34.5 26.8 12.6 
Individual 2 6.8 21.0 21.2 20.3 30.5 
“Individual 3 15 19.2 26.0 ies 9.6 
Mindividual 4 19.2 23.7 28.9 22.0 6.0 
Miadividual 5 11.2 16.5 26.4 30.7 15.2 
Individual 6 5.2 hee 24.0 41.7 17.3 
Mean A 16.7 26.8 28.8 15.2 
sues: 
ed blood cell 
© Individual 1 24.6 50.8 17.3 7.2 0 
Individual 2 33.2 46.6 12.4 7.6 0 
28.9 48.7 14.8 74 0 
85.1 16.3 14.4 16.4 18.2 
35.5 23.8 12.4 13.7 14.6 
3513 20.0 ee 14.9 16.4 
39.2 9.7 9.8 28.0 43.3 
5.6 6.8 16.1 28.4 43.0 
7.4 8.2 12.9 28.2 43.1 
18.1 23.6 18.1 17.4 22.7 
12.5 15.2 14.9 22.9 34.2 


scies®> remains an obscure but challenging question. As to the percentage 
iribution of these LDHs, here also some similarity is found, but global ac- 
ity is higher and individual variations are more pronounced (see TABLE 3). 
- results obtained on different tissues, compare TABLE 3 with TABLE 1. 
re too LDHS is strongly predominant in liver but absent from red_blood 


2) Carbon tetrachloride administration to rats. Three groups, each of 8 in- 
iduals (male, adult, albino rats, inbred strain, kept on a standard diet), 
s studied. To the members of the first group a total amount of 0.6 ml. of 
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carbon tetrachloride was intubated in 3 doses of 0.2 ml. at intervals of 48 hour: 
the second group received a total amount of 1.2 ml. in 6 doses of 0.2 ml. im 
tubated at the same intervals. The third group constituted controls tha 
were not intubated. 

The rats were beheaded 48 hours after the last dose, their blood collected 
heparin, and the plasma separated by centrifugation. A check was made fd 
the absence of discernible traces of hemolysis. The samples were then sul, 
jected to an assay for their oxaloacetic (SGOT) and pyruvic (SGPT) trant 
aminase activity according to a conventional colorimetric procedure.* Fe 
enzymoelectrophoresis, samples of 1.6 ul. (0.1 ul.) were applied to the electri 
phoresis plate (2 for each plate) and readings taken exactly 30 and 35 mi 
after pairing of the electrophoresis and substrate plate. All determination 
were made at room temperature, 18 to 20°C. The area enclosed by the LDH 
peak was measured by transferring the curve on Whatman No. 1 paper, cuttizi 
it out and weighing (to 0.01 mg.). Since for all samples the determination 
were made in duplicate, it was possible to obtain for each of them a scanniti 
after 30 and 35 min.; the values tabulated correspond to the mean of bot 
measurements. 

The results are shown in TABLE 4. The area of the LDHS peak significant! 
increases after the administration of carbon tetrachloride. Such increa: 
amounts to 3.9 times the standard error of the difference after 0.6 ml., and 
2.6 times this value after 1.2 ml. 

The fact that hepatic necrosis was actually produced was proved by micr 
scopic examination of the liver tissue that was selected from most animal 
in all samples, extensive necrotic lesions were observed. Hepatic necrosis ; 
also revealed by the net increase of SGOT and, especially, SGPT levels. 
is to be noted that the largest dose did not provoke the highest levels in SGO” 
SGPT, nor in LDHS. We deal with that point under General Comments. 

If the increase of LDHS after administration of carbon tetrachloride 
statistically significant, it cannot be called dramatic. Enzymoelectrophores 
suffers here from an apparent lack of sensitivity that can be explained on tl 
following basis. In enzymoelectrophoresis, kinetics are largely determine 
by the diffusion of the substrates. We found‘ that the area enclosed betwee 
the peaks is a logarithmic function of enzyme concentration; as enzyme co 
centration goes up, the surface of the area asmeasured by enzymoelectrophor 
sis increases less and less rapidly. Thus when studying LDHS in rat plasm 
one is dealing with a fraction already present in high concentration; an increa: 
of that concentration will induce only a small change in the corresponding are 

(3) Carbon tetrachloride administration to monkeys. In cinomolgus monke 
conditions are quite different. Here LDH5 is the weakest fraction in t! 
normal subject. Also those animals proved extremely sensitive to the a 
ministration of carbon tetrachloride. Furthermore, experiments were ma 
easier by the fact that the blood can repeatedly be sampled on the san 
animal by puncture of an artery or vein in the inguinal region. y 

Experimental procedures were identical to those described for the rats. T 
main experiments were performed on 2 male individuals of 1.1 kg. and 1.2k 

¢ 


* We followed the procedure of the Sigma Chemical Co., St, Louis, Mo., Technical Bal 


tin No, 505, 


a | ee 
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weight. The effects ofa single or of 2 successive doses (interval of 24 hours) 
0.5 ml. carbon tetrachloride given by intubation were studied. 
“The results are shown in TABLE 5. Twenty-four hours after a single small 
lose of 0.5 ml. carbon tetrachloride, LDHS, initially the weakest fraction, 


‘s 
— TABLE 4 
> RESULTS OF SoME ENzymMe Assays IN Rarts* 
< _ Area of LDHS peak SGOT SGP 
: Animal ia bitcary mite (U./ml, plasma) (U/aL eee 
ie Series: 0.6 ml. CCL 
= - ccis 2547 990 300 
* C17 2620 1070 oe 
CE 360 
a CC 18 2986 1600 760 
~ CC 19 3585 450 600 
CC 20 2692 1500 870 
CC 21 2762 730 300 
GC 22 3402 1600 870 
Arithmetic mean sta 1240 670 
s = 360 
Series: 1.2 ml. CCl, 
CC 30 1825 270 72 
C31 2800 920 335 
CC 32 2535 225 81 
CC 33 3025 470 74 
CC 34 S115 1020 760 
CC 35 2965 570 _59 
CC 36 2375 400 900 
CesT 2350 400 900 
ithmetic mean one 534 397 
Ss = 
Control series 
CO 3 2390 370 41 
co 4 1394 580 33 
Cor 7. 1702 345 25 
co 8 2115 470 36 
CO 13 1430 270 33 
CO 14 1470 320 48 
CO 23 2674 490 33 
CO 24 2895 370 30 
4 _ Arithmetic mean ae 402 34.9 
i s = 


paeycicht hours after carbon tetrachloride (total dose of 0.6 ml. or 1.2 ml.); a control 
ss is also included. 


‘rises and accounts for more than SO per cent of the total LDH activity 
3). These ‘results strongly recall what is seen in patients with hepati- 
. However, if the dose is repeated the next day, this is not followed by a 
rease; on the contrary, the level is inferior to that of the preceding de- 
tion. This evokes what was seen in rats, and will be considered below 
al Comments. A few days after the last dose, the figures are nor- 


908 Annals New York Academy of Sciences 


The animals did not seem affected in any way by the small amounts thai 
were given, but bioptic studies were not made of the status of the liver parem 
chym. 

Practical Observations 

(1) Serum LDH5 seems more labile than the rapid ones. Indeed in soms 

of our experiments we had difficulty in detecting that fraction although, in a3 


TABLE 5 


Evotution oF SERUM LDHs 1x Two Monkeys (CrvomMoteus) RECEIVING 
SMALL DosEs OF CARBON TETRACHLORIDE 


Time after first intubation of CCl | OH ram cae cas Ot 
Animal K (24 hours before first 

experiment) 16.0 30.7 26.6 19.0 toll 
0 hour: 0.5 ml. CCl, 
24 hours 6.7 10.4 13.0 1153 58.3 
24.15 hours: 0.5 ml. CCl, 
48 hours 20.9 29.9 22.0 12.4 14.7 
3 days 14.1 Liz RIES) 32. 2h 6.0 
5 days 21.0 30.0 234 TS a0 “= O48 
9 days: 0.5 ml. CCl 
10 days Tes 5.5 12/1 28.1 46.8 
21 days 15.0 29.1 23.4 21.9 10.4 

Animal N (24 hours before first 

experiment) 13.4 20.7 23.4 24.1 18.4 
0 hour: 0.5 ml. CC 
24 hours 7.0 15.6 9.4 23.3 44.5 
24.15 hours: 0.5 ml. CCl 
48 hours 15.3 24.9 24.3 17.3 18.1 
3 days 26.3 29.3 16.2 10.2 18.0 | 
5 days Liss VW ie | 28.9 20.5 2253 
9 days: 0.5 ml. CC 
10 days 22 3.4 7.0 21.4 65.9 . 
21 days 10.1 18.8 22 26.7 21.7 


Ficure 3. LDH enzymoelectrophoresis of monkey (cinomolgus) pl i 
cE 3. ) plasma (barbital bufk 
pH 8.4, ionicity 0.05). Key: A, line of sample application; a, 24 hours ae and 8, 2 
hours after, intubation of 0.5 ml. CCl,. Note steep increase of LDHS. . 


: 
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‘other runs, it was easily revealed. Finally it was demonstrated that the brand 
of agar used for the enzymoelectrophoresis had some effect. With a certain 
batch of Difco Special Agar-Noble (that afterward proved quite suitable for 
simple electrophoretic experiments) some interaction occurred with LDHS, so 
that no clear-cut fraction was found at the usual place. All troubles vanished 
by simply switching to another batch of the same agar brand. We tried to 
purify the ‘“‘bad” agar by repeated washing in distilled water, without note- 
worthy improvement. 

(2) Since very small volumes of serum are used for enzymoelectrophoresis, 
one could be tempted to select the sample by finger puncture. However, 
in this. way a factor is introduced that-can scarcely be controlled: admixture of 
LDH from the skin. Too high a figure will be found for LDH5. 

(3) Hemolysis may be very disturbing, especially if one is studying LDH 

cases of neoplastic disease or of myocardial infarction. However if one is 
interested in LDHS in itself, hemolysis will do no harm since red blood cells do 
not possess that fraction. However, hemolytic samples should be rejected if 
percentages are to be calculated. 


General Comments 

_ Our studies do not preclude the possibility that necrosis occurring in other 
fissue types will not influence the level of LDH5. Especially necrosis of the 
skeletal muscle and of the skin could preferentially increase LDH5S since, in 
these tissues, that fraction is also predominating. However, it is probable that 
richness of the tissue in LDH and the pattern of its multiplicity do not con- 
Stitute the sole factors determining the impact of necrosis on the serum LDH 

attern: the nature of the barrier interposed between the tissue proper and 
the blood stream may also intervene. 
_ Attention is drawn to the great difference observed as to the level of LDH5 
in initial and later stages of liver necrosis: even if the necrogenic substance is 

mtinued in a dosage unchanged, the response at the level of LDHS tends to 
ease, in rats as well as in monkeys. The same tendency is found in the 
levels of SGOT and SGPT. This may be explained in the following way. 
|a first step, the LDH contained in the liver cells is liberated into the blood 
ream. Afterward the blood level falls, since the rate of synthesis of these 
yroteins becomes the limiting factor. 


Conclusions 


From clinical evidence, from study of the LDH multiplicity in different 
issues and, finally, from experiments on rats and especially on monkeys, it is 
mcluded that necrosis occurring in the liver induces, at least in the first days, 
an increase of serum LDHS. 

Tn these experiments, a falling level of LDHS is found, even if the hepato- 
toxic substance continues to be given. This might be explained by exhaus- 
on of the LDH reserves in the cells, followed by a second stage where the 
ate of LDH synthesis becomes the limiting factor determining the blood level 


that protein. 


Sg 


; ia Summary 
The electrophoretic multiplicity of lactic dehydrogenase can easily be stud- 
by agar-gel electrophoresis. To this end we applied a technique we called 
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enzymoelectrophoresis, described above. Of relative simplicity, this proce 
dure yields percentages between peaks obtained on the diagrams and, alsc 
affords calculation of electrophoretic mobilities. 

In normal human serum we demonstrated 5 electrophoretic LDH fractiom 
against the 3 described in 1957 by other authors. The slowest of them (w 
refer to it as LDHS5), first described in 1958, is of special clinical interest sinc 
some relationship seems to exist with the status of the liver parenchym: i. 
acute hepatitis a very steep increase of serum LDHS is seen. 

To gain direct experimental evidence concerning this relationship, carbo: 
tetrachloride was intubated to rats and cinomolgus monkeys. It was observet 
that the level of plasma LDHS increases after the first doses. However, thi 
level tends to decrease if the same hepatotoxic substance is continued to bl 
given. An explanation is proffered. 

In these experiments, cinomolgus monkeys appeared to constitute very suit 
able subjects, as they present an intriguing similarity to human beings in re 
gard to the multiplicity of their LDH. 

It is concluded that the level of serum LDHS5 can be used as an index fc 
liver necrosis, especially in the first days following the action of some hepatc 
toxic factor. 
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LACTIC DEHYDROGENASE ISOZYMES AND THEIR 
DISTRIBUTION IN NORMAL TISSUES AND 
PLASMA AND IN DISEASE STATES* 


Felix Wrdéblewski 
Memorial Sloan-Kettering Cancer Center, New York, N. Y. 


Kenneth F. Gregory 
Department of Microbiology, Ontario A gricultural College, Guelph, Ont., Canada 


The lactic dehydrogenases from each of a number of mammalian specie: 
have been resolved into several electrophoretically and/or chromatographicall1 
distinct, enzymatically active forms of isozymes.'* Human and rabbit tis 
sues were each found to contain five of these isozymes.*:*:7* Some tissue: 
yielded only one isozyme while others contained two, three, four, or all fivi 
forms in characteristic proportions. No two tissues studied were found ti 
have identical lactic dehydrogenase (LDH) isozyme patterns. These isa 
zymes were found to differ from each other in several properties in a regulai 
manner that could be correlated with their electrophoretic mobilities in stare: 
gel.?!9 Normal human plasma was found’ to have a characteristic distribu 
tion of LDH isozyme activities in which LDH; < LDH; < LDH; < LDH 
< LDH: where the subscripts 1 to 5 refer to increasing electrophoretic mobili 
ties. Myocardial infarction resulted in a marked increase in the proportion a 
LDH; , the isozyme present in heart muscle in highest concentration. Th! 
plasma isozyme pattern was found to be a more sensitive, specific, and lastin, 
parameter of myocardial necrosis than the total serum or plasma enzyme ac 
tivity. 

In this paper previously published data on the regular differences betwee: 
rabbit LDH isozymes are reevaluated, and further evidence of uniform differ 
ences in their properties is presented. Experiments on the LDH isozyme dis 
tribution in rabbit plasma are described. Studies on the plasma LDH isa 
zyme patterns of 300 normal persons and 500 hospital patients with a wid! 
variety of diseases are also reported. : 


Properties of Rabbit LDH Isozymes ’ 


Pyruvate concentration optima. All of the rabbit LDH isozymes, when cata 
lyzing the reduction of pyruvate to lactate, are inhibited by increasing pyru 
vate concentrations that are still well below those theoretically required t: 
allow the reaction to proceed near its maximum velocity as calculated from 
Lineweaver-Burk double reciprocal plot.’ Owing to this inhibition by exces 
pyruvate each isozyme has a pyruvate concentration optimum. This opti 
mum was found to be strongly pH and temperature-dependent, decreasin 
with decreasing pH® and decreasing temperature.!? At any fixed pH an 
temperature, the greater the electrophoretic mobility of an LDH isozyme th 
lower was the apparent Michaelis constant (K,,), the lower the concentratio: 

* The work described in this article was supported in part by Grant CY3809 from th 


National Cancer Institute, Public Health Service, Bethesda, Md. and by Project 203 of tb 
National Cancer Institute of Canada, Ottawa, Ont., Canada. : ! 
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of pyruvate required to give inhibition and therefore the lower the pyruvate 
concentration optimum. Since the pyruvate concentration optima were fairly 
broad, precise values for these could not be determined. The logarithms of 
the pyruvate concentration optima, however, were related approximately in- 
versely to the electrophoretic mobilities. Two sets of conditions were selected, 
Mamely (1) pH 7.0 and 0.0025 M sodium pyruvate, which provided near opti- 
mum conditions for LDH, and inhibitory concentrations of pyruvate for the 
other isozymes, and (2) pH 8.0 and 0.0006 M sodium pyruvate, which pro- 
vided near optimum conditions for LDH; and below-optimum pyruvate con- 
centrations for the other isozymes. The ratio of the reaction velocities under 
these two sets of conditions, that is V:/V2 , permitted a precise comparison be- 
tween the isozymes in regard to the factors determining the pyruvate concen- 
tration optima. As shown in FIGuRE 1a the logarithms of these V/V ratios 
are inversely proportional to the electrophoretic mobilities of the isozymes. 
Heat stabilities. Plagemann et al.!° found marked differences in the heat 
stabilities of the electrophoretically purified rabbit LDH isozymes. The in- 
activation curves indicated a biphasic reaction. The declines in activity were 
preceded by latent periods, although the experiment was designed so that the 
tes were instantaneously brought to the inactivating temperature at 
zero time. After this latent period the decline in activity followed a first 
order reaction. ‘The variation in heat stability of the isozymes was too great 
© enable velocity constants of inactivation to be determined for all five iso- 
ymes at any single temperature. These constants for the first order phase 
the inactivation could be determined for LDH, to LDHg inclusive at 53° C. 
The logarithms of these velocity constants of inactivation are inversely propor- 
fional to the electrophoretic mobilities of the isozymes (FIGURE 10). 
_ Energy of activation. Plagemann et al.!° applied the Arrhenius equation for 
he calculation of apparent energies of activation (u) values, for the conversion 
lactate to pyruvate by the five rabbit LDH isozymes. In contrast to the 
verse reaction, excess lactate was not inhibitive to the enzyme. Therefore 
mcentrations of sodium lactate and diphosphopyridine nucleotide (DPN*), 
hich were in excess of those required to allow near-maximum velocity of the 
reaction were employed for these determinations. It is not entirely clear 
shich of the five individual reactions involved in the enzymatic conversion of 
ctate to pyruvate was rate-limiting under these conditions, although the 
fudies of Winer and Schwert" suggest that it may have been the dissociation 
of the LDH-DPNH complex. The data showed marked differences between 
he apparent energy of activation values, these ranging from 8,285 + 400 
alories for LDH; to 13,188 + 74 calories for LDH;. These values, it was 
msidered,!® show a linear correlation with the electrophoretic mobilities of 
e isozymes but with an irregular increment between LDH, and LDH:2. It 
‘apparent from FIGURE 1c, however, that the data are equally compatible 
ith a direct relationship between the logarithms of the “yu” values and the 
sctrophoretic mobilities, without exceptions. In view of the fact that the 
garithms of the other parameters described above correlated with the electro- 
oretic mobilities, FIGURE 1c is now considered to be better descriptive of the 
ationship between y values and relative electrophoretic mobilities of the iso- 
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_ Since the ultimate function of an enzyme is frequently stated to be to “lower 
the energy of activation” of a reaction, the above data were first interpreted 
to mean that LDH; had the greatest catalytic efficiency of the five isozymes 
since it gave the lowest “apparent energy of activation”? This conclusion 
seemed compatible with reports by Wieland ef al.” to the effect that skeletal 
muscle LDHs (slow migrating forms) had turnover numbers appreciably 
higher than those for heart muscle LDHs (faster migrating forms). If the 
entropy of activation values for both LDH, and LDH; were the same, how- 
ever and, if the apparent energy of activation values determined are accepted, 
then calculations based on the “‘theory of absolute reaction rates’”® show that, 
at 30° C., LDH; should have a turnover number approximately 3,300 times 
greater than LDH; . 

In order to investigate this point further Plagemann"™ isolated LDH; from 
about 200 rabbit hearts (the rabbit heart contains only the LDH; isozyme). 
This enzyme was purified by a combination of the methods described by 
Straub and Wieland e¢ al.” for the crystallization of beef heart LDH and rat 
heart LDH respectively. Turnover numbers of rabbit LDH, and LDH; at 
30° C., pH 7.4, 1.5 X 10-* M DPNH and pyruvate concentrations optimum 
for each isozyme, assuming a molecular weight of 100,000 for each LDH'?:1® 
were found to be about 12,000 and 43,000 respectively. The ratios between 
the turnover numbers of these two isozymes is temperature-dependent since 
he temperature coefficients of the reaction as catalyzed by these two forms is 
ite different.1° It is apparent that the turnover numbers do not show the 
wedicted disparity in values but are of the same order of magnitude. 

_ As pointed out by Stearn” it is a general rule that any catalytic modification 
f a reacting system that increases the value of the heat of activation (u-RT) 
¢ a particular reaction also increases the value of the entropy of activation 
rt the same reaction. The theory of absolute reaction rates stresses that the 
energy of activation determines reaction rates. Since AF = AH — TAS, 
here F = free energy of activation, AH = heat of activation, T = absolute 
mperature and AS = entropy of activation, it is apparent that increasing 
values of heat and entropy of activation have an opposite or compensating 
fect on the velocity of the reaction. Whereas the change in heat of activa- 
ion is usually the dominant factor," it is apparent that, in the present instance, 
e change in entropy of activation values had as great an effect on the cata- 
‘ic efficiency of the various isozymes as had the change in heat of activation. 
. J. Laidler (University of Ottawa, Ont., Canada, personal communication) 
is suggested that in this system there may be relatively small differences be- 
yeen the isozymes that change the degree of binding of water molecules to the 
jolar groups on the enzyme surface and in this way produce compensating 
hanges in heat and entropy. Similar compensation has been noted previ- 
usly in certain nonenzymatic reactions." 

Inhibition by antibody. An exception to the general finding of regular differ- 
ces between the five rabbit LDH isozymes was encountered by use of the 
tibody formed against LDH, for the inhibition of the five isozymes.” LDH, 
1 LDH» were inhibited an identical amount by this antienzyme although 
e remaining isozymes were inhibited in regularly decreasing amounts which 
related with their electrophoretic mobilities (FIGURE 1d). 
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The serological specificity of these isozymes has been investigated furthes 
by means of antibody formed against purified LDH. The production ano 
assay of anti-LDH; activity was as described previously for anti-LDHy.’. 
The relative degree of inhibition of each of the five LDH isozymes by anti 
LDH; is shown in FicurE le. It is apparent that the results were the exact 
inverse of the inhibitions of anti-LDH; (FicuRE 1d) and that once again LDE- 
and LDH) were serologically indistinguishable. When anti-LDH, was used a 
lower concentrations and when anti-LDH; was tested at higher concentrations 
LDH, and LDF: were still inhibited to the same extent by each antienzyme.: 


LDH Isozymes in Rabbit Plasma 


In view of the diagnostic implications of the distribution of LDH isozyme: 
in human plasma,”’ experiments were initiated on the experimental modifica 
tion of isozyme proportions in rabbit plasma. The distribution of the isa 
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Figure 2. Changes in the LDH isozyme content of plasma from a normal rabbit. 


zymes in plasma samples was routinely determined by subjecting plasma ‘t 
starch gel electrophoresis as previously described* and subsequently cuttin: 
the gel into 5 strips corresponding to the expected positions of the isozymes i| 
relation to the migration front of the reference protein, bovine hemoglobin 
Comparative studies showed reasonable agreement between this method an 
the results obtained by cutting and individually assaying 25 to 30 0.3-cm 
wide strips cut over the length of the gel. The total amount of each isozym 
in the plasma was estimated from the proportion of each isozyme recovere 
compared to the sum of all the isozymes recovered, multiplied by the tot 
LDH content of the plasma. 

The changes occurring in the LDH isozyme pattern of the plasma of one ¢ 
three untreated rabbits examined is shown in FIGURE 2. It is apparent tha 
wide fluctuations occurred in both the total LDH activity and in the relativ 
proportions of the isozymes. This result was in marked contrast to data ol 
tained with normal human plasma where a comparatively uniform patter 
was observed. Changes in the LDH isozyme patterns were also followed i 
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Pairs of rabbits in which a carcinoma* had been transplanted intramuscularly, 
intraperitoneally, or into the lungs by means of intravenous injection of tumor 
cells. The results obtained from one of the rabbits bearing an intramuscular 
tumor are shown in FIGURE 3. The intramuscular tumors reached a detectable 
size by 3 weeks and, by the end of the experiment (614 weeks), one of the rab- 
bits with lung-tumors had died and all tumor-bearing animals were in an ad- 
vanced state of emaciation. None of the animals studied showed a consistent 
pattern of isozyme distribution ascribable either to the site of tumor growth 


O I 2 3 4 3) 6 
WEEKS 


_ Ficure 3. Changes in the LDH isozyme content of plasma from a rabbit bearing the 
-7 tumor intramuscularly. 
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w to tumor growth per se. A slight elevation of total plasma LDH occurred 
in the intramuscular tumor-bearing rabbits, but this elevation did not result 
m an increase in the amount of any particular isozyme. The animals bear- 
¢ tumors at the other sites showed no elevation in total LDH. In all cases 
fluctuation in the proportion of the 5 isozymes was even greater in the 
asma or tumor-bearing rabbits than it was in the plasma of the control 
ibbits. . . ele . . 
Studies with human plasma from certain disease conditions had indicated 
t when one isozyme had been elevated (for example, LDH; following myo- 
‘dial infarction) then the isozyme pattern remained abnormal for some time 
en after the total plasma LDH had returned to normal levels. .The previ- 


* Vx-7, originally selected by Peyton Rous and in its 62nd transplant generation. 
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ously nonelevated isozymes were, therefore, actually present in decreased com 
centrations. These data suggested that a homeostatic mechanism in the cir 
culating system might act indiscriminately on the 5 isozymes while lowering 
total LDH activity to normal levels. This possibility was explored in tha 
rabbit by injecting approximately 1.0 X 10° units of commercial* rabbit 
muscle LDH (LDH)) into pairs of rabbits intravenously, subcutaneously, anc 
intraperitoneally. Rabbits given LDH intravenously showed an immediate 
elevation of plasma LDH from a normal level of about 100 U./ml. to severa: 
thousand U./ml. The level rapidly decreased with time, usually approaching 
normal levels 6 to 8 hours after injection. Rabbits given subcutaneous anc 
intraperitoneal injections of ete showed about a threefold increase in tota: 
plasma LDH level in about 114 hours, following which the levels slowly re: 
turned to normal in 18 to 24 hours. 

In the present experiment blood samples were drawn into heparin about ona 
half hour before the injection of LDH, and again at a time when total LDH! 


TABLE 1 
SELECTIVE HomeostaTic ACTION IN THE RABBIT ON LDH, In PLASMA 


Units per milliliter plasma of LDH number: 


Route of injection Time of sampling ‘ 
of LDHi* (hours) 
1 2 a 4 5 

Intravenous —0.5 25.6 35.0 54.7 146.5 52.45: 

+4.0 150.2 68.2 71.5 101.0 (2.0 

Subcutaneous —0.5 12-0 12.0 224 49.0 3.8 
+18.0 20.4 15.1 17.0 eile | 4.8 

Intraperitoneal —0.5 13.0 9.1 19.5 29.0 18.2 

+18.0 9.1 5.95 16.3 26.6 | 5:5 


*One X 10° U. of commercial rabbit muscle LDH (LDH)) injected at t = 0. 


had just returned or nearly returned to normal levels (4 hours after pravae : 
injections, 18 hours after subcutaneous and intraperitoneal injections). 
the mechanism responsible for the rapid elimination of this large excess 4 
total LDH from the plasma was unable to discriminate between the variou: 
isozymes, then all isozymes should decrease in concentration at the same pro! 
portional rate. Therefore, by the time that total LDH had been lowered te 
approximately normal ee the concentrations of LDH: to LDH; inclusive 
in the plasma should have been markedly lower than prior to the injection o 
the LDH,. The data clearly indicated that this did not occur (TABLE 1) bu 
that this mechanism acted selectively on the added LDH,. It is evident 
however, that this “homeostatic mechanism” is markedly ineffective in main 
ae uniform levels of the LDH isozymes in normal rabbit plasma (FIGURI 
2 

The contrary data obtained with human plasma occurred in instances wher 
diseased or damaged tissues were presumably leaking LDH into the bloo 
stream over a period of several days. The apparent depression of the leve 


* Nutritional Biochemical Corporation, Cleveland, Ohio. i 
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_ of the LDH isozymes not coming from the injured tissue may mean that the 
normal replenishment of plasma LDH from various tissues was nonselectively 
repressed by the elevated total plasma LDH. On the other hand the differ- 
ences may result from a difference in the degree of selectivity of the mechanism 
responsible for LDH elimination in these two species. 


Heat Stabili'y of Human LDH Isozymes in Serum 


Although changes occurring in the proportion of LDH isozymes in serum 
has proved diagnostic value”* the technical requirements of the electrophoretic 
procedure militate against the widespread adoption of this technique for rou- 
tine diagnosis. The marked differences observed in the heat stabilities of the 
rabbit LDH isozymes” (FIGURE 16) suggested that, if the LDH isozymes in 
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_ Ficure 4. Amount of added human LDH; and LDH; in serum remaining after treat- 
_ ment for 30 min. at various temperatures. 


_ human serum showed similar variations in heat stabilities, it might be possible 
to exploit these differences in simple diagnostic tests. LDH, and LDH; were 
_ purified by starch gel electrophoresis from liver and heart tissue, respectively, 
_ obtained from an autopsy performed four hours after death.* To samples of 
pooled normal serum of relatively low LDH content (120 U./ml.) was added 
- sufficient of one or the other of these isozymes to give final total LDH concen- 
trations of ca. 410 U./ml. One half of each type of supplemented serum and 
a portion of nonsupplemented serum was supplemented with DPNH (0.25 
~mg./ml.). These mixtures were allowed to stand overnight at 4° C. The 
_yariously supplemented serum and normal serum samples were dispensed in 
0.5 ml. amounts in small test tubes (inside diameter = 8 mm.) and immersed 
in mechanically stirred constant temperature water baths adjusted at 5° in- 
crements from 40° C. to 70° C. inclusive. The tubes were removed after 


ss Kindly supplied by E. L. Barton, General Hospital, Guelph, Ont., Canada. 
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exactly 30 min. immersion in the water baths, placed in an ice bath, and sub- 
sequently assayed for total remaining LDH activity. The 70° C. treated 
samples coagulated and could not be assayed. The total LDH in an isozyme- 
supplemented sample minus the total LDH in the corresponding nonsupple- 


TABLE 2 


ELECTROPHORETIC MIGRATION DisTANCE OF HUMAN Lactic DEHYDROGENASE 
RELATIVE TO THE MIGRATION FRONT OF PURIFIED BOVINE HEMOGLOBIN 


LDH 

1 —0.21 + 0.02 
2 0.39 + 0.03 
3 0275 == 0702 
4 1.14 + 0.05 
5 1.537 2=,0:05 


TABLE 3 


PERCENTAGE COMPOSITION OF THE IsOZYMES OBSERVED ELECTROPHORETICALLY 
OF PLasMA OF NoRMAL ADULT INDIVIDUALS 


LD: | LD: LD; LDs LDs 


Percentage* 0-5 0-15 0-35 | 25-50 10-35 


* Range includes twice the standard deviation from mean value. 


B.A. 50, O& Normal adult 


Total plasma LD =300units/ml. 
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FicurE 5. LDH isozyme composition of plasma of normal adult individual. 


mented sample gave the amount of added LDH isozyme remaining after the 
treatment. The results (FIGURE 4) indicated a marked difference between 
the heat stabilities of LDH, and LDH; in serum. Repetition of the experiment 
at the critical temperatures of 55° C. and 65° C. yielded very similar data. 
DPNH increased the heat stability of both isozymes. The results obtained. 
with LDH; suggested the possibility that this electrophoretically purified iso- 
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zyme might in fact be composed of 2 components that differed in heat stability 
since, in the absence of added DPNH, treatment at 50° C. destroyed part of 
the enzymatic activity but further enzyme was not destroyed until a tempera- 
ture of 65° C. was reached. The presence of added DPNH, however, increased 
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the stability of this putative heat-labile component much more than it in- 
creased the stability of the similarly labile LDH, . : 
These results are of a preliminary nature but strongly suggest that a simple 
differential test based on the relative heat stabilities of the human LDH iso- 
zymes in serum is possible. Such a test could readily be used in a routine 
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Ficure 7. Serial LDH isozyme composition of plasma of patient who incurred anterosep- 
tal myocardial infarction. 


way in any Clinical laboratory. The following procedure is tentatively sug- 
gested: 


~— 


(1) To 2 ml. of unhemolyzed serum add 0.2 ml. DPNH solution (2.5 mg./ 


ml.). (Plasma cannot be used as the fibrinogen coagulates at the higher 
temperature used.) 
(2) Mix and let stand 20 min. 


(3) Place 0.5 ml. amounts of the serum into each of 3 small test tubes. 


(4) Leave one tube unheated and place the other 2 tubes in mechanically | 


stirred water baths at 57° C. and 65° C. for exactly 30 min. 


4 
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(5) Remove the tubes, cool rapidly, and determine LDH activity in all 3 
portions as described by Wrdéblewski and LaDue.2° 

The results are interpreted as follows: 

(1) Unheated sample = total LDH. 

(2) Unheated sample —57° C. heated sample = heat labile LDH (mostl 
LDA, ; elevated in hepatic diseases). : " 
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_ Ficure 8. Serial LDH isozyme composition of plasma of patient who incurred posterior 
3 myocardial infarction. 
(3) Heated sample (65° C.) = heat stable LDH (mostly LDHs ; elevated 
in myocardial infarction). 
i (4) Heated sample (57° C.) — 65° C. heated sample = LDHs of intermedi- 


ate heat stability. 
Isozymes of Normal Human Tissue Homogenates and Plasma 
Heparinized plasma obtained from normal adults without regard to the 
fasting state had a total lactic dehydrogenase of 360 to 60 U. per milliliter, 
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with a range of activity from 240 to 480 U. at 30°C. The plasma of normal | 
adults usually contained all 5 plasma isozymes'(pLD,, pLD2, pLDs, pLDa\ 
and pLDs). In several subjects, however, either pLD; or pLD2 were not pres- - 
ent. TABLE 2 lists the electrophoretic migration of human lactic dehydrogen- - 
ase relative to the migration front of purified bovine hemoglobin (Rgap). | 
TABLE 3 lists the approximate percentage composition of the isozyme observed | 
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Figure 9. LDH isozyme composition of plasma of patient who incurred subendocardia] — 
infarction during state of shock. 
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Ficure 10. LDH isozyme composition of plasma of patient with acute thyroiditis. 


by the electrophoresis of plasma of normal adults, and FIGURE 5 depicts the 
plasma isozyme pattern of one such person. In all cases pLD, was present in 
amounts greater than pLD;. 

Examination of the lactic dehydrogenase isozymes of normal human tissues 
indicates that different tissues contain different numbers of the five isozymes 
and in distinct patterns. F1GuRE 6 presents the isozyme composition and pat- 


tern of human heart muscle, skeletal muscle, liver, kidney, spleen, lung, and 
others. 


fw 
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Alteration of Isozymes of Plasma in Patients with Various Disease States 


Plasma obtained from patients with myocardial infarction showed an in- 
creased content of pLD, and pLD;, with the predominant increase in the 
latter. FicuRE 7 presents the plasma isozyme patterns observed during the 
clinical course of a patient who incurred an anteroseptal myocardial infarction. 
Plasma isozyme studies from another patient with myocardial infarction from 
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FicurE 11. LDH isozyme composition of plasma of patient with follicular carcinoma of 
thyroid. 
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-  Ficure 12. Serial LDH isozyme composition of plasma of patient with infectious hepa- 
_titis. 

i: 

the 6th to the 27th day showed an increased percentage of pLD; , which was 
“consistently greater than pLD, (FIGURE 5). Lhe peak pLD; was greater than 
the peak pLD,, and there was a relative and, at times, an absolute decrease 
in the three othér isozymes at the time that pLDs was maximal. Ficurr 9 
“shows the plasma isozyme pattern seen during the clinical course of a patient 
‘with subendocardial infarction. Although total plasma LD (pLD:) was 
slightly elevated (while plasma glutamic oxaloacetic cramsamptase eee 
normal), the alteration could not be related to myocardial necrosis specifically, 
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since other circumstances surrounding the shocklike clinical picture could have 
accounted for the elevated pLD;. The plasma isozyme pattern showed an 
appreciable increase in pLD, and pLDs, the latter being greater than the 
former. These isozyme changes persisted for 10 days. Although in extra- » 
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Ficure 13. LDH isozyme composition of the plasma of a group of patients with common | 


duct obstruction due to various etiologic factors. 
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Ficure 14, LDH isozyme composition of plasma of a patient who incurred a pulmonary 
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cardiac disease pLD, alterations may be quantitatively and, at times, serially 
similar to those observed in myocardial infarction, the plasma isozymes are 
distinctly dissimilar. 

Ficures 10 to 19 depict isozyme patterns observed when the plasma of pa- 
tients with various diseases were examined. It appears that the isozyme com- 
ponents of the tissue or organ diseased are contributed to the plasma and are 
in part added to.the isozyme components normally found in the plasma. Ho- 
meostatic factors influence LD activity of the plasma and result in variations 
from the hypothetically expected isozyme patterns of plasma when the isozyme 
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Ficure 15. LDH isozyme composition of the plasma of a group of patients with pan- 
creatic disease. 


component of the diseased tissue are added to the components usually present 
‘in the plasma. 


Serum Isozyme Alterations Determined by Relative Heat Stability Test 


~ Using the simple relative heat stability test, the serum of normal adult in- 
dividuals, and the serum of patients with various diseases were studied for 
LDH, , LDH2,34, and LDHs. TaBLe 4 presents the total serum LDH ac- 
tivity and the percentage composition of LDHi, LDH23., and LDH; in 
normal adult individuals. TaBLeE 5 lists the total serum LDH and percentage 
( omposition of LDH; , LDH2,3,4, and LDH; obtained in a group of patients 
ith various disease states. The simple relative heat stability test permits a 
apid estimate of change in composition of component LDH, ; LDH; ; and the 
sum of LDH,, LDH;, and LDHy. The data obtained by heat stability 
est differ from the estimates derived from starch-gel electrophoretic separa- 
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Ficure 16. LDH isozyme composition of the plasma of a group of patients with various ; 


hematologic disease states. 
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FicurE 18. LDH isozyme composition of the plasma of a patient with acute glomerulo- 
nephritis. 
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tion. The larger values obtained from LDH presumably reflect the loss off 
LDH, during electrophoresis because of inactivation due to heat generated by ' 
the electrical flow. It appears that for rapid and simple estimation of LDH; , 


TABLE 4 


PERCENTAGE COMPOSITION OF THE IsozYMES OBTAINED BY HEAT STABILITY 
Test oF PLASMA OF NorMAL ADULT INDIVIDUALS 


Serum LDH component Range of composition in percentage* of total 
LDH, ; 10-30 
LDH2,3,4 35-55 
LDH; 20-40 


* Range includes twice the standard deviation from mean value. 


TABLE 5 
Tota S—ERuM LDH Activity AND PERCENTAGE COMPOSITION OF THE IsOzYMES OBTAINED 
BY HEAT-STABILITY TEST OF THE PLASMA OF PATIENTS WITH VARIOUS 
DISEASE STATES 


Patient Diagnosis Tot HH \Serum LDH: Lb ion 
(U./ml.) (%) (%) 
J.D. Myocardial infarction 680 12 38 50 
J.E. Myocardial infarction 1800 15 29 56 
G.G. Myocardial infarction 1200 12 33 45 
A.L. Myocardial infarction 2000 10 30 60 
N.De | Infectious mononucleosis hepa- 240 33 49 18 
titis 
G.U. Viral hepatitis 390 37 43 20 
F.M. Homologous serum hepatitis 250 43 43 14 
TP: Homologous serum hepatitis 360 33 49 18 
M.J. Homologous serum hepatitis 400 32 53 15 
M.R. Homologous serum hepatitis 2100 85 10 5 
T.R. Homologous serum hepatitis 1700 77 15 8 
G.M. Metastatic melanoma to liver 310 36 38 26 
D.B. Metastatic carcinoma to liver 620 40 29 31 
F.H. Multiple myeloma 270 20 44 36 
SEN Gastric carcinoma 2400 0 54 46 , 
E.M. Carcinoma of thyroid 620 27 56 17 
Sl Rectal carcinoma with liver 1500 42 43 15 
and pulmonary metastasis 
S.T. Gastric carcinoma 5500 17 51 32 
GK. Acute glomerulo nephritis 720 17 50 33 
B.B. Emphysema 290 27 55 18 
L.F. Pernicious anemia (remission) 260 il 49 34 
E.F. Lupus erythematosis 470 24 42 34 
ipiey Bronchopneumonia 600 38 40 22 


and LDHs, as well as the serum of LDH: , LDH;, and LDHy, the relative 
heat stability test is satisfactory. 


Summary 


Five distinct forms (isozymes) of lactic dehydrogenase were separated from 
both rabbit and human tissues and plasma by zone electrophoresis in starch 
gel. The five forms from the rabbit showed regular increments in the follow- 
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ing four parameters that correlated with the electrophoretic mobilities of the 
isozymes: (1) log. of the ratios of reaction velocities when tested under two 
sets of conditions of pH and pyruvate concentration that were optimum for 
the isozymes of the electrophoretic extremes; (2) per cent inhibition by anti- 
body produced against the slowest migrating form (LDH) and by antibodies 
produced against the fastest migrating form (LDHs) with the exception, in 
both cases, of identical inhibition of LDH, and LDH; ; (3) log. of the velocity 
constant of heat inactivation (53° C.); (4) log. of the apparent energy of activa- 
tion (lactate to pyruvate). 
_ Assays of the isozyme composition of homogenates of normal human tissues 
indicated that each tissue contains from one to five isozymes in characteristic 
proportions. No two human tissues examined appeared to be exactly the 
same in LDH isozyme composition. The plasmas from normal adult in- 
dividuals contain four or five isozymes in a characteristic pattern. Clinical 
studies indicate that when a tissue is diseased or damaged it contributes those 
"isozymes contained therein, resulting ina shift of the plasma isozyme pattern 
from the normal towards an abnormal pattern characterized by an increase in 
the isozymes present in the affected tissue. The distribution of isozymes in 
_ human plasma has diagnostic implications, especially for diseases of the heart 
muscle, skeletal muscle, liver, kidney, thyroid, and pancreas. 
A tentative simple test for the determination of LDH; and LDH; in human 
serum, based on the differential heat stability of the isozymes, is described. 
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ISOENZYMES IN THE HUMAN EPIDERMIS 


G. Weber and G. Pfleiderer 
Hautklinik and Medizinische Poliklinik of the University, Mainz, West Germany 


This account of our examination of different molecular forms of lactic 
dehydrogenase, which we present as a preliminary report, does not serve the 
purpose of finding new diagnostic possibilities in dermatoses, but it has the 

aim of answering open and frequently problematic questions on the enzyme 

metabolism of the human skin. Substantially four problems are concerned 
and, because of the different character of each, they can be treated only in- 
dependently. 

(1) Are the enzymes and enzyme systems found in the human epidermis 
produced by the cells of the epidermis themselves or do they diffuse from the 
blood vessels of the dermis into these cells? 

: Weber and his co-workers could demonstrate!* by extensive bioenzymatical 
investigation that different metabolites and enzymes of the glycolysis—among 
them also the lactic dehydrogenase—are found in high concentration in the 
‘cells of the epidermis, and that these diminish continuously in the direction of 
the peripheral bloodstream (FIGURE 1). From this decrease of concentration 
"Weber and his associates inferred that the enrichment of enzymes in the 
epidermis is caused by the production of enzymes in the cells of the epidermis, 
“and not by diffusion from the bloodstream, which would tend to accentuate 
the concentration decrease. Although these results represent convincing 
“arguments, definite proof for the correctness of this thesis was still lacking. 
_ This proof could be obtained by an electrophoretic determination of lactic 
dehydrogenase in a homogenate of the epidermis, of the dermis, and of erythro- 
“cytes which, according to Hess,"* contain the main portion of serum lactic 
dehydrogenase. As to method, we have followed Wieland et al.” As shown 
“in FIGURE 2, there are such significant differences between the distribution 
patterns of lactic dehydrogenase in the epidermis and in the erythrocytes that 
from this fact alone the autochthonous production of lactic dehydrogenase in 
the cells of epidermis can be assumed with certainty. 

_ (2) Is there any difference between the molecular forms of lactic dehydrogen- 

se in the epidermis and in the dermis? 
It would be necessary first to find if the concentration of lactic dehydrogenase 
in the epidermis is much higher than in the dermis. Comparing the distribu- 
‘tion patterns of this enzyme in both tissues (FIGURE 2), a distinct shift to the 
‘ight results for the epidermis, that is, column 5 is accentuated, whereas the 
‘distribution pattern of enzyme in the dermis shows a shift to the left, that is, a 
‘more distinct accentuation to column 1. According to Pfleiderer and Wachs- 
muth" the strictly anaerobic metabolizing tissues show a shift to the right, 
that is, the maxima are directed to column 5, whereas the tissues that have a 
high oxygen consumption are characterized by a shift to the left: that is, by 
maxima directed to column 1. The conclusion is that, in the case of cells of 
the epidermis, chiefly anaerobic metabolizing tissue is to be assumed: in the 
ease of the cells of the dermis, a more aerobic metabolizing tissue is indicated. 
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(3) What origin have the enzymes in the case of pathological kaa 
in scales of the epidermis? 

Weber? *""" showed, in comparing determinations of enzymes in oriole 
totic, hyperkeratotic, and parakeratotic horny layers, that frequently a con- 
siderable enrichment of enzymes in scales of the epidermis must be assumed if, 
a pathological increased keratinization takes place. This holds true especially; 
in the parakeratotic keratinization of psoriasis vulgaris. The pathohisto- 
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logically demonstrable dilatation of the capillaries, as well as the accumulation 
of leukocytes well known as Munro microabscesses located in the stratum 
corneum or directly beneath it, suggest the possibility that the enzymes found 
in scales of the epidermis by Weber*" are of secondary origin. This means 
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Column if 1Be Peek IV Vv 
; FIGuRE 3. 
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30 
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that the enzymes come from the blood stream or from the immigrated leuko- 
cytes. The enzyme distribution pattern of the lactic dehydrogenase from 
scales of psoriasis vulgaris shown in FIGURE 3 demonstrates without any 
oubt that its molecular form is identical with that of the cells of the epidermis. 
_ (4) Is the distribution pattern of the lactic dehydrogenase of ce epi- 
thelioma and of malignant melanoma identical with that of the epidermis: 
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Thus far our preliminary examinations do not justify a definite explanation } 


but they show, in the case of malignant melanoma, a heavily diminished | 
column 5 and more pronounced columns 2, 3, and 4 (FIGURE 4). In the case: 


of 


basal-cell epithelioma, column 5 is more pronounced and columns 2, 3, and 4! 


less so. This indicates clearly that neither the basal-cell epithelioma nor the: 
malignant melanoma is identical with the epidermis with regard to the distribu-- 
tion pattern of lactic dehydrogenase. 
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MULTIPLE FORMS OF LACTIC DEHYDROGENASE IN 
TISSUES OF THE MOUSE: THEIR SPECIFICITY, 
CELLULAR LOCALIZATION, AND RESPONSE 
TO ALTERED PHYSIOLOGICAL CONDITIONS* 


John M. Allen 
Department of Zoology, The University of Michigan, Ann Arbor, Mich. 


There is increasing evidence that many enzymes exist in tissues and cells 
in multiple molecular forms (Markert and Moller, 1959). Of less certainty, 
however, is the question of differences between these multiple molecular forms 
in terms of their catalytic and physiological activities. Indeed Markert and 
Moller felt that these forms, termed isozymes, possessed identical substrate 
Specificities although the pattern of the isozymes possessed by a tissue changed 
radically during development. The question of the degree of heterogeneity 
existing between the multiple molecular forms of an enzyme is one of con- 
siderable importance. Such heterogeneity may be reflected in several diverse 
Ways: (1) differences in substrate specificity, (2) differences in capacity to 
utilize cofactor analogs, (3) differences in sensitivity to inhibitors, (4) differences 
in response to varied physiological conditions, or (5) differences in the site of 
localization within or between cells. An examination of these possible points 
‘of difference between the multiple forms of lactic dehydrogenase in the tissues 
‘of the mouse comprises the content of this paper. 


Materials and Methods 


a 
_ All work was carried out using tissues from BALB/c Jax mice. Tissues for 
electrophoretic study were homogenized in 2 parts (w/v) 0.9 per cent sodium 
chloride, using all-glass homogenizers. These homogenates were centrifuged 
at 4° C. for 10 min. at 1000 g to remove cell debris. The supernatant material 
from this centrifugation was employed for electrophoresis. Electrophoresis 
was carried out in a starch matrix after the method of Smithies (1959), as 
odified by Markert and Hunter (1959). The starch matrix} was prepared 
sing 0.03 M boric acid-sodium hydroxide buffer at pH 8.5. The bridge buffer 
vas similar in composition but was 10 times as concentrated. Electrophoresis 
Was carried out for 6 hours at room temperature (ca. 25° C.), using a voltage 
‘op of 6 v/cm. along the length of the starch slabs. For cytochemical study, 
Or of the above supernatant material was applied to a 24 & 6 mm. strip of 
Jhatman No. 1 filter paper, and the strip was inserted into a transverse slit 
in the starch slab. For quantitative study of eluted enzyme, 60 d of the super- 
Natant was applied to a double-paper insert of the same size. 
~ Cytochemical visualization of sites of lactic dehydrogenase activity in starch 
abs was achieved by a modification of the method proposed by Dewey and 
nklin (1961). The substrate mixture contained the following final concen- 


_ * The work described in this paper was supported in part by Grants C-2751 C-4 from 
e National Cancer Institute, Public Health Service, Bethesda, Md., and in part by an 
titutional Grant to The University of Michigan, Ann Arbor, Mich., from the American 


an cer Society, New York, N.Y. ¢ 
+ Obtained from Connaught Medical Research Laboratories, Toronto, Ont., Canada. 
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trations of reactants: 0.025 M tris(hydroxymethyl)aminomethane* buffer 
pH 7.4, 0.1 M (i) lactic acidf [or one of the following, (d) lactic acid,t (dl 
alpha-hydroxybutyric acid,* (dl) alpha-hydroxycaproic acid,* (dl) alpha: 
hydroxyisobuteric acid,* (dl) alpha-hydroxyisovaleric acid,* or (dl) beta: 
phenyllactic acid*; 0.001 M diphosphopyridine nucleotide (DPN),* or det 
amino-diphosphopyridine nucleotide (DeamDPN) ;f 0.5 mg. per ml. nitro-blue 
tetrazolium (NBT) ;§ 0.005 M potassium cyanide; and 20 » gm. per ml. phena: 
zine methosulfate (PMS).* Starch slabs for incubation in this substrate mixtura 
were sliced into 2 equal thicknesses with the bottom half always used for 
analysis. This bottom half was again divided longitudinally into equal halves 
so that 2 identical strips were available for comparative purposes. These 
strips were incubated at room temperature (ca. 25° C.) in total darkness fo: 
30 min. The results were recorded photographically, using constant condition: 
of exposure and development. 

In cases where quantitative estimation of enzyme activity was to be madet 
a 1-mm. strip was sliced from the edge of the starch slab and incubated in the 
above substrate mixture [containing (J) lactic acid] for 30 min. or less. Thi 
developed strip then served as a guide to the position of the corresponding 
activity sites in the remaining portion of the starch slab. These sites wers 
cut out, using a jig that produced a 3-mm. slice to yield a starch block 3 mmi 
xX 6mm. X 23 mm. The 3-mm. slice was barely thicker than the thinnes 
bands observed in the tissues chosen for quantitative analysis (see below) 
These starch blocks were frozen at — 10° C. and held for analysis. For analysis 
a block was placed in 1.0 ml. 0.9 per cent sodium chloride and, after thawing 
was homogenized in an all-glass homogenizer to break up the gel structure 
The resultant slurry was centrifuged at 4° C. at 1500 g for 15 min., and thi 
supernatant material reserved for assay. The substrate mixture for quantita 
tive analysis contained the following final concentrations of reactants (in . 
volume of 3 ml.): 0.033 M tris(hydroxymethyl)aminomethane buffer pH 7.4 
0.003 M potassium cyanide; 0.016 M substrate material; and 0.00066 M DP} 
or DeamDPN. One-hundred J of the above supernatant material was added t: 
a cuvette containing all reactants except DPN or DeamDPN. After 30 séc 
the reaction was started by the addition of the appropriate nucleotide. Chang; 
in optical density due to the formation of reduced nucleotide was measured ai 
340 my over a 1-min. period at 25° C., using a Beckman Model DU spectre 
photometer. Optical density change was linear over this period of measure 
ment. No-enzyme and no-substrate controls were provided. Quantitativ 
determinations were made in duplicate on material derived from a minimur 
of 2 electrophoretic separations. All quantitative results are reported ai 
mean values. ) 

Methods of.cytochemical study of lactic dehydrogenase distribution i 
tissue sections were identical to those employed by Allen and Slater (1961) 
except that 0.025 M tris(hydroxymethyl)aminomethane buffer was substitute: 
for phosphate buffer. 


* Obtained from Sigma Chemical Co., St. Louis, Mo. 


+ Obtained from the California Corporation for Biochemical Research, Los Angel i 
t Obtained from Pabst Brewing Co Newark, N.J. | 


§ Obtained from Nutritional Biochemicals Corp., Cleveland, Ohio. 
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Results 


Tissue specific patterns of multiple forms of lactic dehydrogenase. Examination 
of the major organs of the mouse indicated a high degree of heterogeneity in 
terms of the array of multiple forms of lactic dehydrogenase possessed by a 
particular structure. On the basis of this comparative study it was possible 
to distinguish 9 electrophoretically distinct sites of lactic dehydrogenase ac- 
tivity. No single tissue or organ possessed all 9 sites, and none failed to show 
atleast 1 site. On the basis of this comparative study it was possible to choose 
# tissues that showed 1 or more of the 9 sites in moderate to high activity. 
This representative set included skeletal muscle, large intestine, kidney, and 
testis. The distribution of sites of lactic dehydrogenase activity in these 
Tepresentative tissues is shown in FIGURES 1 and 2. Sites A2 and A4, derived 
from large intestine, were close in their electrophoretic mobility to sites Al 
(skeletal muscle) and A3 (skeletal muscle). However, study of starch slabs 
Containing half-paper inserts and comparing kidney with large intestine or 
Skeletal muscle with large intestine clearly indicateda difference in the mobilities 
Of sites Al and A2, and A3 and A4. Site C1 was very slow migrating and 
Temained near the origin. The separation of the remaining sites proved no 
problem. It is probable that the 9 electrophoretically distinct sites separated 
represent the minimum number since, in certain cases, the presence of diffuse 
bands precluded positive identification of site position. Thus placenta, 
mmary gland, coagulating gland, seminal vesicle, parotid gland, and liver 
ossessed diffuse sites in the areas occupied by sites Al and A2 or A3 and A4 
1at were impossible to assign to one position or another. 

_ The subsirate specificity of the nine sites of lactic dehydrogenase activity. Study 
oi the substrate specificities of the sites of lactic dehydrogenase depended in 
art upon the ability of the cytochemical reaction system to reflect activity 
evels accurately. Visual grading of site activity was based upon a scale in 
which grade 1 represented highest activity and grade 5 represented barely 
stectable activity. The results of such visual grading when (/) lactic acid 
as the substrate material may be seen in FIGURE 1, to which the intensity of 
1e sites shown photographically in FIGURE 2 may be compared. Thus, sites 
1, A6, and A7 showed comparable activity of grade 1; site C1 showed slightly 
wer activity of grade 2; sites A2, A4, A5 showed activity of grade 3; and 
tes C2 and A3 showed activity of grade 4. Quantitative estimations of eluted 
zyme (TABLE 1) closely paralleled estimations of band intensity by visual 
spection. 
When the activities of the various sites against (dl) alpha-hydroxybutyric 
sid were compared to the activities against (J) lactic acid, distinct differences 
| substrate specificity among the sites became apparent (FIGURE 1). Activity 
all sites with the exception of C2 was either depressed or abolished by the 
stitution of (di) alpha-hydroxybutyric acid. Site C2 was as active against 
is latter material as against (/) lactic acid. Sites A2 and A4 showed no 
tectable activity against (d/) alpha-hydroxybutyric acid. The remaining 
es showed easily discernible but diminished activity against (dl) alpha- 
droxybutyric acid. Quantitative determinations confirmed the trend of 
s cytochemical observations (TABLE 1). 
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_ Ficure 2. The activities of the sites of lactic dehydrogenase against (/) lactic acid in the 
“presence of DPN (left member of each pair) and DeamDPN (right member of each pair). 
Strips a and 6 derived from kidney; strips c and d derived from large intestine; strips e and 
‘derived from skeletal muscle; and strips g and / derived from testis. Enlarged 1:1 from 35 
; i negative material. All conditions of exposure and processing were held to constant 
values. 


TABLE 1 
Activity oF Etutep Enzyme AGAINST VARIOUS SUBSTRATES 


a : = 1) a Hydroxy- | (dl) a droxy- 
@ Lactic aciat | ( Lactic acidt er cease. Deel eaencae 

: (%) (%) (%) 
0.017 0 ZO nt 0 0 
0.018 0 14.8 0 0 
0.009 0 1 ‘ . 
0.007 0 
0.006 0 8.1 0 0 
0.008 0 0 0 0 
0.040 0 123 0 0 
0.012 0 26.2 0 0 
0.007 0 87.5 128.0 86.0 


_* Activity expressed as change in optical density per minute per 100 ) eluate. 
+ Activity against this substrate expressed as per cent of activity against (1) lactate 


ntrol. 
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Substitution of (d/) alpha-hydroxycaproic acid or (dl) alpha-hydroxyvaleric 
acid for (J) lactic acid resulted in the loss of all anodal sites of activity, as well. 
as that of site C1. Site C2, however, was as active against these substitutions: 
as against (J) lactic acid. Quantitative determinations (TABLE 1) confirmed: 
these cytochemical observations. 

Substitution of (d) lactic acid for (/) lactic acid resulted in the loss of all. 
activity except at sites A6 and A7 (FIGURE 1). These latter sites showed barely, 
detectable activity (Grade 5). Quantitative determinations failed to detect! 
activity against (d) lactic acid on the part of any site (TABLE 1). 

Substitution of (dl) alpha-hydroxyisovaleric acid, (dl) alpha-hydroxyiso-- 


Per cent 
300 


200 


100 
90 
80 
70 
60 
50 
40 
30 
20 

10 


ACTIVITY WITH DeomDPN AS 
% OF CONTROL ACTIVITY WITH DPN 


c2 ci Al A2 AS A& AS AB AT 
SITE 


FicureE 3. The activities of the various sites against (J) lactic acid in the presence of 


DeamDPN expressed as per cent of activity of the site against (J) lactic acid in the presence 
of DPN. The derivation of sites is as in FIGURE 1. 


butyric acid, or (dl) beta-phenyllactic acid for (J) lactic acid resulted in thea 
loss of all anodal sites, as well as site C1. Cathodal site C2 attacked (dl) 
alpha-hydroxyisovaleric acid at a rate slightly less than that against (J) lactid 
acid. Activity against (dl) beta-phenyllactic acid was of low order (grade 5)| 
and (dl) alpha-hydroxyisobutyric acid yielded no perceptible reaction. Quanti- 
tative determinations were not made with this latter group of materials. 
Effect of deamino-diphosphopyridine nucleotide upon the activity of the lactid 
dehydrogenase sites. Cytochemical comparison of the activities of the various 
sites against (7) lactic acid in the presence of DPN or DeamDPN indicatec 
differences to the extent that the analogue could substitute for the natura! 


a} 
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cofactor. Sites A7, A6, and Al showed equal cytochemical acitvity (F1c- 
URE 2) with both nucleotides. Sites AS and C1 showed moderate depression 
of activity with DeamDPN. Sites A4, A3, and A2 were drastically inhibited 
by substitution of the analogue. Site C2, incontrast, was markedly enhanced in 
activity when DeamDPN was used. Quantitative determinations confirmed 
and extended these cytochemical observations (FIGURE 3). In this case the 
activities of sites A7 and A6 were seen to be only slightly affected by the sub- 
stitution of DeamDPN, but the activities of sites A2, A3, A4, and A5 were 


: 

Z 

_ Ficure4. The comparison of activities against (/) lactic acid of sites derived from the 

‘mammary gland of an ovariectomized animal (a) with activities of sites derived from the 

Mammary gland of a lactating animal (b). The figures to the right of each column refer to 

‘the change in optical density per minute produced by 100% of eluted enzyme in quantitative 
determinations. Enlarged 1:1 from 35 mm. negative material. The conditions of exposure 

id development are identical to those employed in FIGURE 2. 


ey depressed. Sites C1 and Al showed moderate inhibition of ac- 
ivity with DeamDPN. The activity of site C2 was increased by nearly 
Beetols when the analogue was substituted for DPN. 

The effect of inhibitors upon the activities of the lactic dehydrogenase sites. 
nclusion of 0.001 M pyruvic acid or oxamic acid in cytochemical substrates 
containing DPN and (1) lactic acid resulted in general depression of the ac- 
vities of the various sites. No differential effect of these materials could be 
iscerned by visual inspection. 

The heterogeneity of the response of the various sites to altered physiological 
onditions. Examination of certain tissues under altered physiological con- 
itions suggested that the response of the various sites was heterogeneous. 
somparison of lactating mammary gland with mammary gland from ovari- 
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ectomized animals (FIGURE 4) indicated that the sites in this tissue responded | 
differently to these conditions. Both cytochemical and quantitative de- - 
terminations indicated that the slowest migrating site had highest activity in} 
tissue from ovariectomized animals, whereas the faster migrating site showed | 
highest activity in tissue from lactating animals. Thus there was a complete : 
reversal of the quantitative relations between these sites under the differing ; 
physiological conditions. The diffuse nature of the sites in mammary gland| 
precluded definite location as to position. Attempts to visualize shifts in} 
activity within or between cells in sections of mammary gland under these : 
conditions met with failure. 


ANODE 


ORIGIN | 
a b 


Ficure 5. The comparison of activities against (/) lactic acid of sites derived from uter | 
from ovariectomized animals (a) with activities of sites derived from uteri from ovariectomized 
animals treated with 1 zgm. estradiol benzoate daily for 5 days (b). The figures to the right | 
of each column refer to the change in optical density per minute produced by 100 of eluted 
enzyme in quantitative determinations. The sites represented are Al, A3, A5, A6, and A7 


Land Polaroid direct positive 1:1, band intensities are not strictly comparable to those ih 
FIGURES 2 and 4. 


In another instance, when the uterus from ovariectomized animals was com- 
pared to the uterus from ovariectomized animals that had been injected with 1 
ugm. estradiol benzoate daily for a week, a high degree of heterogeneity in the 
response of various sites of lactic dehydrogenase activity was noted (FIGURE 5). 
Site Al in tissues from estrogen-replaced animals was markedly increased in 
activity, site A2 showed activity equal to that seen in ovariectomized animals, 
and the activities of sites A3, A4, and AS were greatly depressed when compared 
to ovariectomized controls. Attempts to follow similar heterogeneity of 
response on the part of component cells in the uterus under these treatment 
conditions, using microscopic cytochemical methods, revealed no clear-cut 
changes in activity that could be related to the changes noted in electrophoretic 
studies. 


In the case of epididymis, comparison of material derived from normal males 
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and from males subject to section of the vasa efferentia indicated that this 
treatment resulted in the total loss of site C2 (FIGURE 6), but had no effect 
upon the activity of any other site. Identical results were obtained when 
alae from castrated animals were compared to those from normal 
animals. ; 


The possibility that certain sites may be localized to Specific regions of cells. In 
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_ Ficure 6. The comparison of activities against (/) lactic acid of sites derived from epididy- 
nides from normal animals (/eft) and from animals vasectomized 30:-days (right). Enlarged 
<1 from 35 mm. negative material. The photographic representation of site intensities is 
‘ot comparable to that in ricuREs 2 and 3, due to the necessity of processing alterations to 
now sites with weak activity. 


he case of epididymis it appeared that a site visualized in electrophoretic 
tudies could be assigned to a particular cellular locale. Previous work (Allen 
ind Slater, 1961) demonstrated a very distinct localization of lactic dehydro- 
yenase activity to the apical regions of epithelial cells lining the body segment 
f the epididymal canal (FIGURE 7a). In other portions of the organ, activity 
was of moderate levels and was distributed homogeneously in the cytoplasm 
f epithelial cells. Following section of the vasa efferentia (henceforth referred 
9 as vasectomy) for a period of 14 days, the apical activity in the body cells 
yas lost, but levels of activity in the remaining cytoplasm were not affected 
PIGURE 7c). Quantitative studies confirmed these cytochemical observations. 
he loss of epididymal site C2, previously noted, following vasectomy suggested 
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that a relationship might exist between this site and the apically distribute 
lactic-dehydrogenase activity observed in sections of epididymis. i | 

Support for this contention was derived from studies of the substrate spec 
ficity of the apical lactic dehydrogenase in sections of epididymis in comparison 
with the substrate specificity of epididymal site C2. Substrate properties 
identical to those observed for testis site C2 were noted for epididymal site C2! 


De Selinger eg ill 
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Figure 7. (a) The distribution of activity against (J) lactic acid in the epithelial cel 
the body segment of epididymis from a normal animal. A marked apical distribution o 
activity is noted in these cells. The more basal cytoplasm contains moderate levels c 
homogeneously distributed activity. Nuclei, connective tissue cells, and sperm cells ar 
unreactive. Five min. incubation at 37° C. with nitro-blue tetrazolium, 10 » cryostat sectior 
Land Polaroid direct positive, Wratten G filter, X165. 

 (b) The distribution of activity against (dl) alpha-hydroxycaproic acid in the epithelic 
cells of the body segment of epididymis from a normal animal. A very distinct apical distrib 
tion of activity is seen. The more basal portions of the cytoplasm are unreactive in contras 
to the moderate activity seen in the same region in a. Nuclei, connective tissue cells, 
sperm cells are unreactive. The preparation and photography are identical to that | 


a. 

(c) The distribution of activity against (J) lactic acid in the body cells of epididymis fror 
an animal vasectomized for 30 days. The apical distribution of enzyme is no longer visib! 
(compare to a) but moderate levels of activity are homogeneously distributed in the gener 
cytoplasm. Nuclei and connective tissue cells are unreactive. The preparation and photo; 
raphy are identical to that used in a. 

(d) The distribution of activity against (dl) alpha-hydroxycaproic acid in the body ce 
epididymis from an animal vasectomized for 30 days. There is a complete loss of reac 
in all tissue components. The preparation and photography are identical to that used in « 


+. whee 


Allen: LDH in Mouse Tissues 947 


except that activity levels were lower. The anodal sites of epididymis were 
mactive against any of the test substrates [except for (J) lactic acid] when 
incubation was for 30 min. Sites A6 and A7 showed barely perceptible activity 
with (d/) alpha-hydroxybutyric acid after 1 hour incubation. Low levels of 
activity in epididymal sites precluded elution and quantitative measurement 
of site activities. When similar tests of substrate specificity were made using 
sections of epididymis from normal animals, the apical regions of the epithelial 
cells lining the body segment of the canal showed equal intensity of reaction 
with (/) lactate, (dl) alpha-hydroxybutyric acid, (dl) alpha-hydroxyvaleric acid, 
and (dl) alpha-hydroxycaproic acid (FIGURE 7b). This cellular region did not 
react with (d) lactic acid. In all of these cases, with the exception of (J) lactic 
acid, ho other area in these cells was reactive (FIGURE 7b). Other cells, not 
restricted to the body region of the epididymis, and which gave moderate 
homogeneously distributed reactions with (/) lactic acid, were completely un- 
reactive with the other test substrates. 

Tissues from vasectomized animals were completely unreactive (FIGURE 7d) 

with the test substrates, with the exception of () lactic acid. This latter 
Material yielded a moderate reaction in the general cytoplasm, which was 
comparable to that seen in these areas in tissues from normal control animals 
(FIGURE 7c). 
_ Experiments were carried out to determine if the loss of site C2 in vasec- 
tomized animals might be due to loss of sperm cells. When equal aliquots of 
whole homogenates, supernatant fractions (derived as usual), and washed 
Sediments derived from the original centrifugation (washed 3 times in 0.9 per 
cent sodium chloride, centrifuged at 1000 X g for 10 min. after each wash, 
and resuspended in a volume of 0.9 per cent sodium chloride equal to the 
original aliquot) were compared it was found that no activity was associated 
with the washed sediment. Thus it appears unlikely that the loss of site C2 
in electrophoretic studies of epididymides from vasectomized animals is due 
simply to absence of sperm cells. 


Discussion 


The data accumulated in this study suggest that a considerable degree of 
eterogeneity exists between the various molecular forms of lactic dehydro- 
renase in the tissues of the mouse. In terms of substrate specificity it appears 
hat these molecular forms do not have identical activities against the test 
ubstrates employed. The most conservative interpretation, in which minor 
lifferences in activity are ignored, indicates that the sites of lactic dehy- 
rogenase discriminated may be separated into 3 groups or sets. Site C2 is 
learly to be differentiated from the remaining sites on the basis of its capacity 
9 dehydrogenate all of the test substrates, with the exception of (d) lactic acid. 
milarly sites C2 and C4 may be differentiated from their congeners on the 
asis of their failure to oxidize any test substrate with the exception of (J) 
cticacid. The remaining sites form a group of enzymes that show appreciable 
etivity only against (/) lactic acid and (d/) alpha-hydroxybutyric acid. Quanti- 
itive determinations indicated, within the group, variation in. the relative 
ates with which (dl) alpha-hydroxybutyric acid was dehydrogenated. The 
lidity of these minor variations must await further determinations and 
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statistical analysis. A suggestion of cleavage within this latter group rests int 
the capacity of sites A6 and A7 to oxidize (d) lactic acid. All other sites failed: 
to react with this compound. These results are in contradistinction to those: 
of Markert and Moller (1959). These investigators felt that activity of thes 
multiple forms of lactic dehydrogenase was identical against members of ai 
similar battery of test substrates. The differences obtained in the present) 
study may be due to the use of an improved substrate mixture for visualizations 
of activity on starch. The employment of phenazine methosulfate and nitro-) 
blue tetrazolium in the Dewey and Conklin (1961) substrate would be expected: 
to yield more critical rendering of activity values, due to the use of a mores 
sensitive electron acceptor (NBT) and an artificial electron carrier (PMS), 
rather than natural diaphorase. Quantitative studies confirmed the accuracy} 
with which the cytochemical system reflected activity levels of the various: 
sites. At the present time no other comparable studies are known to me that! 
deal with the substrate specificity of multiple forms of lactic dehydrogenase‘ 
derived from vertebrate tissues. However, Singer e¢ al. (1960) suggest that! 
there may be multiple forms of lactic dehydrogenase in yeast, which are‘ 
distinguishable on the basis of their capacity to oxidize (J) lactic acid and (d)/ 
lactic acid when different electron acceptors are used. In the case of a hex-: 
osephosphatase derived from E. coli, Rogers and Reithel (1960) have been able: 
to identify 3 molecular forms of the enzyme, each with different relative ac-: 
tivities against various substrates. In other cases, multiple forms of enzymes: 
separated by methods similar to those used in the present study appear to haves 
identical substrate specificities. Press e¢ al. (1960) found cathepsin D tos 
occur in 10 electrophoretically distinct forms with identical substrate capacities. 
The multiple forms of esterases studied in Tetrahymena by S. L. Allen (1961)! 
also appear to have identical substrate properties within an isozymic group.} 
Certainly the problem of substrate specificity of multiple forms of enzymes is: 
far from resolved. It is likely that a considerable degree of variation in the: 
extent of substrate specificity between multiple forms of different enzymes: 
exists, and no simple statement of these relations will suffice for their descrip- 
tion. ' 
The use of DeamDPN served to further differentiate the multiple forms ofi 
lactic dehydrogenase, and indicated that cleavage within the sets mentioned: 
above is possible. The activities of sites A6 and A7 were only slightly affected! 
by the substitution of the analogue, whereas activity in sites A2, A3, A4, and AS! 
was drastically reduced. Sites Al and C1 were moderately inhibited in ac- 
tivity by the substitution, but the activity of site C2 was elevated. These 
results further contrast the properties of site C2, and also point to a difference’ 
in the properties of sites A6 and A7 and the properties of the remaining sites. 
The difference in properties of sites A6 and A7 was suggested by their capacity to’ 
oxidize (d) lactic acid (see above). The use of cofactor analogues in the study: 
of dehydrogenases separated electrophoretically has not been reported previ- 
ously. However Kaplan e¢ al. (1960) used analogues of DPN to successfully 
distinguish lactic dehydrogenases derived from the same tissues of different 
species and different tissues of the same species. These results are interpretable 
on the basis that multiple forms of lactic dehydrogenases exist that have 
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different capacities for interaction with various analogues of nucleotide cofac- 
tors. 

In the present study the use of inhibitors of lactic dehydrogenase failed to 
distinguish between the various multiple forms of lactic dehydrogenase. In 
other cases, inhibitor studies have served to differentiate between lactic de- 
hydrogenases of different tissues (Pfleidlander e7 al.; 1958). 

An important distinction between multiple forms of an enzyme may reside 
in differential responses to changes in physiological environment. The recipro- 
cal behavior of the sites of lactic dehydrogenase activity seen when comparing 
mammary tissue from lactating and ovariectomized animals is illustrative of 
such a situation. Also the heterogeneity of site response demonstrated 
in comparisons of uterus from ovariectomized and estrogen-treated ovariec- 
tomized animals indicates a differential response of the components of a multiple 
enzyme system to physiological change. It is probable that these differential 
responses have important significance in terms of cellular function, and they 
may reflect the action of microenvironmental influences upon enzymes situated 
in different regions of the cell or, perhaps, in different cells. Similar hetero- 
geneity of response between members of the family of nonspecific esterases 

resident in epididymis has been demonstrated by Allen and Hunter (1960). 
The changes in lactic dehydrogenase constituents of tissues during differentiation 
reported by Markert and Moller (1959) are doubtless due to analogous en- 
vironmental alterations. Such differential responses suggest that multiple 
forms of enzymes, although they may have similar substrate specificities, may 
be instrumental in different physiological functions. 
_ A final point related to the heterogeneity of multiple forms of lactic dehy- 
-drogenase (and other enzymes as well) is the possibility that various constitu- 
ents of these groups are situated at different sites within the cell. Such topo- 
logical heterogeneity might be expected to have important implications in 
terms of the activity of an enzyme within the cell. A differential situation 
could result in the exposure of an enzyme to different microenvironmental 
influences that would be expected to affect its function. Also specific localiza- 
tion of an enzyme could result in channeling biochemical reaction sequences. 
“Indeed a great deal of present-day cytological research demonstrates the 
ee cion of enzymatic capacities to this or that cell structure. The research 
of Greene (1961) demonstrates most clearly the specific situation of macro- 
olecules and the importance of this for the completion of a biochemical reac- 
tion sequence (electron transport and oxidative phosphorylation). The cyto- 
chemical studies reported in the present paper indicate that one of the sites of 
“activity seen in electrophoretic preparations (C2) may be restricted to a specific 
cellular region. Restriction of a particular member of an isozymic set to a 
‘specific cellular region has also been reported for esterase in Tetrahymena 
(S. L. Allen, 1961). Nace ef al. (1961) have been able to localize serologically 
‘distinct lactic dehydrogenases to different regions of the frog oocyte. It is 
possible that many of the multiple forms of enzymes separable by electrophoresis 
may represent enzymes with specific cellular localizations. f 
_ The heterogeneity of distribution of multiple forms of lactic dehydrogenase 
seen between various tissues and organs raises the question that each site may 
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be resident in a given cell type and that the observed heterogeneity within | 
tissues is due simply to a multiplicity of component cells. It is unlikely that : 
this is true, as studies carried out on cultured fibroblasts (Tsao, 1960) showed | 
a multiplicity of electrophoretically distinct lactic dehydrogenases. Also ) 
clonal lines of Tetrahymena (S. L. Allen, 1961) contain a number of esterase iso- - 
zymes, and Nace et al. (1960) found four serologically distinct lactic dehydro- - 
genases within frog ova. 

On the basis of these studies it appears that a considerable degree of hetero- - 
geneity exists between different members of a multiple molecular series of lactic : 
dehydrogenases. The differences between members of such a series are not as ; 
profound as those existing between hydrolases with low degree of substrate » 
specificity (Markert and Hunter, 1959; Hunter and Burstone, 1960). In agree- - 
ment with Markert and Moller (1959) it is felt that a continuum of properties : 
does not exist between one enzyme and the next. However, it is felt that pro- - 
nounced differences in properties do exist between members of the multiple: 
series of lactic dehydrogenases from mouse tissues. These differences are: 
extensive enough in certain instances (site C2 versus sites A2, and A4, and the: 
remaining sites) to suggest that, within the lactic dehydrogenase series, sets ort 
groups of enzymes exist with similar properties. It is perhaps proper to term} 
these groups isozymic sets to indicate that the members possess similar charac-- 
ters. It is evident that the characterization of electrophoretically distinct | 
macromolecules must rest upon several points of comparison rather than upon} 
a single criterion such as substrate specificity. 


Summary 


The multiple forms of lactic dehydrogenase in tissues of the mouse have been ' 
investigated, using starch-gel electrophoresis combined with cytochemical and! 
quantitative methods of analysis. A survey of the major organs of the mouse: 
indicated that at least nine electrophoretically distinct lactic dehydrogenases: 
were demonstrable. The properties of these sites were studied, using extracts: 
of skeletal muscle, kidney, testis, and large intestine. The substrate specificities 
of the various sites, demonstrated in electrophoretic studies, differed in their 
capacity to oxidize (1) lactic acid, (d) lactic acid, (dl), alpha-hydroxybutyric acid, 
(dl) alpha-hydroxycaproic acid, and (dl) alpha-hydroxyvaleric acid. Thus one 
site had equal activity against all substrates with the exception of (d) lactic 
acid. Two sites oxidized only (J) lactic acid. The remaining sites had variable: 
activity against (dl) alpha-hydroxybutyric acid, two of these oxidized (d) lactic 
acid, and none was active against (dl) alpha-hydroxycaproic acid, or (d) alpha- 
hydroxyvaleric acid. The use of deamino-diphosphopyridine nucleotide: 
served to contrast further these multiple forms of lactic dehydrogenase. 
Certain sites were affected only slightly by the substitution of the analogue, 
others were drastically depressed in activity, and one site was increased in 
activity. 

The behavior of the various sites to physiological modification was examined. 
The behavior of the various sites to such modification was heterogeneous. In 
one case, by taking advantage of physiological changes and substrate specificity 
differences, it was possible to localize a site observed in electrophoretic prepara- 
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tions to a particular locale within the epithelial cells lining the body segment 
of the epididymal canal. 

These results are discussed in terms of the physiological significance of 
multiple forms of enzymes for tissue and cell function. 
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Discussion of the Paper 


_ A. Samvuets (Department of Pathology, Dartmouth Medical School, Hanover, 
.H.): Was it possible to make any estimate of the time course of disappearance 
of any of the fractions during physiological manipulation, so that a comparison 
of this time and the turnover time of the protein could be made? This could 
possibly lead to insight as to whether the synthesis or the conformation of the 


protein was affected by the treatment. 


FEEDBACK INHIBITION AND REPRESSION OF 
ASPARTOKINASE ACTIVITY IN 
ESCHERICHIA COLI* 


E. R. Stadtman,t G. N. Cohen,{ and Giséle LeBrast 
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In recent years significant advances have been made in our knowledge con-- 
cerning cellular regulation of biosynthetic metabolism. It has been established, , 
for example, that specific, automatic controls of pathways leading to thet 
synthesis of various amino acids, purines, and pyrimidines are exerted by; 
excessive accumulation of end metabolites. At least two different mechanisms: 
of control have been recognized. In the first, referred to as “repression,” 
a high concentration of the end metabolite causes a repression of the synthesis: 
of various enzymes involved in its formation.'? In the second mechanism, 
referred to as “feedback” control, a high concentration of the ultimate end! 
product causes a specific inhibition of the enzyme catalyzing usually the first! 
step in the metabolic sequence leading to its formation.* It is a consequence| 
of either type of regulation that excessive accumulation of a particular end! 
product will automatically result in decreased activity of the metabolic pathway 
involved in its biosynthesis. The generality of these regulatory mechanisms: 
having been established, certain situations are presented that provoke specula-: 
tion. One such situation exists in the intermediary metabolism of aspartic acid’ 
summarized in FIGURE 1. Here it can be seen that aspartate, aspartyl-P,. 
and aspartic semialdehyde are common intermediates in the biosynthesis of! 
three different amino acids, lysine, threonine,‘ *:*:7 and methionine.‘ ® 

It is therefore obvious that a difficulty may arise if this metabolic pathway: 
is regulated by repression or feedback inhibition of the enzyme that catalyzes 
the first step in the metabolic sequence. With such control, an excessive’ 
accumulation of any one of the three ultimate end product amino acids could 
cause a decrease in the production of aspartyl-phosphate, which might result 
in a deficiency in the production of the other two amino acids. { 

In an effort to investigate this unique situation in greater detail an analysis 
of the aspartokinase system in £. coli, HfrC, has been undertaken. The 
aspartokinase activity of sonic extracts was determined by the method of 
Black,’ which involves measurement of the asparthydroxamate that accumu- 
lates when aspartate and adenosine-triphosphate (ATP) are incubated with 
the enzyme in the presence of hydroxylamine. Under these incubation con- 
ditions, aspartokinase catalyzes the phosphorylation of aspartate, and the 
aspartyl phosphate so formed reacts nonenzymatically with hydroxylamine to 
form asparthydroxamate. The latter is easily quantitated by the method of 
Lipmann and Tuttle.!° 

In order to determine if the aspartokinase activity of crude sonic extracts is 
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susceptible to feedback control, its inhibition by t-lysine, L-threonine, L- 
methionine, and pi-homoserine was investigated. Data from typical experi- 
ments are summarized in TABLE 1. The data show that aspartokinase is 
inhibited by all of these amino acids except methionine. Although the degree 
of inhibition varies somewhat with the growth conditions and extracting pro- 
_ cedure, crude sonic extracts of E. coli, HfrC, are usually maximally inhibited 
30 to 50 per cent by either lysine or threonine and 10 to 15 per cent by DL- 
“homoserine. From other results not summarized in TABLE 1 it has been 
established that the inhibition exhibits high optical specificity; the D-optical 
ASPARTATE 


ATP 


ASPARTYL PHOSPHATE 
TPNH 


; ASPARTIC SEMIALDEHYDE —+>—» —> LYSINE 
TPNH 


HOMOSERINE — ——» — > THREONINE 


| 


METHIONINE 


SNe 


Ficure 1. 

isomers of lysine and threonine are inert as is also L-ornithine. Moreover, none 
of the other amino acids that are normal constituents of proteins is inhibitory. 
_ At 10- M concentrations of lysine, threonine, and homoserine used in the 
experiments reported in TABLE 1, maximum inhibition for each amino acid is 
‘attained. The concentrations for one-half maximal inhibition are about 3 to 
5 xX 10- M. It is of special significance that when any two amino acids are 
added simultaneously, the total inhibition observed is roughly equal to the 
sum of that observed for each independently. This finding is consistent with 
the conclusion that the crude extracts contain three different aspartokinases, 
one of which is selectively inhibited by lysine, one by threonine, and one by 
homoserine. This conclusion is further supported by the data of TABLE y 
showing that fractionation of sonic extracts by ammonium sulfate precipita- 
tion results in a partial separation of the threonine and lysine sensitive activities. 
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Thus the protein fraction precipitating between 0 and 40 per cent ammonium 
sulfate saturation is greatly enriched with respect to the enzyme that is suscepti= 
ble to inhibition by r-lysine, whereas the enzyme precipitating between 40 and 
50 per cent ammonium sulfate saturation is almost specifically inhibited by 


TABLE 1 
Tue INHIBITION OF ASPARTOKINASE BY VARIOUS AMINO ACIDS 


Inhibition of aspartokinase activity 
Amino acid* 
Expt. 1 Expt. 2 
0 0 
Met 0.0 0.0 
Lys 36.0 28.7 
Thr 39.5 36.5 
HS Vi PAL 
Lys + Thr 85.0 76.4 
Lys + HS 43.0 42.0 
Thr + HS 46.0 43.0 
Thr + HS + Lys 86.0 82.5 
Lys + Met 36.5 — 
Thr + Met 38.0 == 
Lys + Met + Thr + HS 83.0 — 


Each reaction mixture contained ATP, 10.4 mM; Tris HCl buffer (pH 8.1) 94 mM, MgSO, , 
1.6 mM, 6-mercaptoethanol 10 mM, t-aspartate, 10 mM, NH;OH 800 mM, KCl, 800 mM, 
0.9 mg. of crude sonic extract of £. coli, HirC, and the other amino acids as indicated, 10 mM, - 
except DL-homoserine which was 20 mM, total volume 1.0 ml. Incubation 26° C. 30 min. 
The reaction was stopped by the addition of 1.0 ml. of FeCl; reagent!® and, after incubation, 
the amount of asparthyroxamate present was measured at 540 my ina Beckman DU Spectro- 
photometer. Aspartokinase activity is defined as the optical density at 540 my 1000. 

* The following abbrevations are used: L-methionine, Met; L-lysine, Lys; L-threonine, 
Thr; pt-homoserine, HS. q 


TABLE 2 ; 
SEPARATION OF THE LYSINE-SENSITIVE AND THE THREONINE-SENSITIVE ASPARTOKINASES 


Enzyme preparation roe Nb inhibited Tahibited Hombited. 
: units units units 
Sonic extract 1430 293 ,000 84,000 108 ,000 35,700 
Streptomycin supernatant 956 293,000 | 86,000 108 ,000 35,000 
0-40% (NH,) ppt. 264 179,000 85,000 44,500 13,400 — 
40-50% (NH) ppt. 234 80,000 2,700 64, 500 27,000 — 
0-40% (NH,) ppt. (aged) 234 115,000 | 84,000 10, 200 0 


? 


The aspartokinase activity was measured in the presence and absence of 10-2 M t-lysine, — 
t-threonine, and 2 X 10-* M pt-homoserine. Otherwise the conditions were as in TABLE 1. 
} 


L-threonine. In the experiment described in TABLE 2, the hamosefine seein 
enzyme fractionated together with the r-threonine-sensitive enzyme; however, | 
the nonidentity of these two enzymes is evident from other experiments in which 
the L-threonine enzyme has been obtained devoid of sensitivity toward homo- 
serine. For the purpose of calculation, the amount of each enzyme activity 
reported in TABLE 2 was assumed to be equal to that fraction of the total aspar- 
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tokinase activity that is lost when the individual amino acid inhibitors are added 
at 10 M concentrations. The validity of this calculation is indicated by the 
fact that the total inhibition obtained when all three amino acids are present 
simultaneously is approximately the sum of that observed for each, individually 
(TABLE 1). It is further suggested by the excellent over-all recovery of the 
various activities during the fractionation with ammonium sulfate. It is not 
known if the failure to obtain 100 per cent inhibition when all three amino acids 


240 


a Lysine sensitive enzyme 


=<—Threonine sensitive enzyme 
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ASPARTOKINASE ACTIVITY 
SN) 
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40 


10 20 30 40 
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Ficure 2. Heat stability of the lysine-sensitive aspartokinase and the threonine-sensi- 
tive aspartokinase. A streptomycin supernatant solution containing 15 mg. protein per ml. 
one heated at 45° C. for the indicated times. Then the aspartokinase activity of the heated 


ves 1. te ont 
.o) 


enzyme (3 mg.) was determined as described in TABLE 1. The amounts of lysine-sensitive 
and threonine-sensitive enzyme are assumed to be equal to those fractions of the total asparto- 
kinase activity that are lost when lysine (10-2 M) and threonine (10-2 ) respectively are 
resent in the incubation mixtures. 
3 
are present is due to the existence of still another aspartokinase activity in crude 
extracts or whether one or more of the aspartokinases is not susceptible to 
complete inhibition under the experimental conditions. 
_ Heat sensitivity. The lysine-sensitive and threonine-sensitive aspartokinases 
may be differentiated further on the basis of their stability to heat and to 
‘inactivation by autooxidation. When exposed to air at 0° C. in the absence of 
added sulfhydryl compounds, the threonine-sensitive enzyme activity is rapidly 
lost, whereas the lysine-sensitive enzyme is relatively more stable. The 
rate of inactivation is greatly accelerated by heat. Thus the data of FIGURE 2 


= | ae 


956 Annals New York Academy of Sciences 


show that heating at 45° C. for 10 min. causes almost complete inactivation of | 
the L-threonine-sensitive enzyme, whereas the L-lysine-sensitive enzyme is only 
10 to 20 per cent inactivated. 

Inhibition analysis. The data reported in FIGURES 3a and 36 are from kinetic 
studies showing the extent of inhibition of the lysine-sensitive and threonine- 
sensitive aspartokinases as a function of substrate concentration. The 1/y 
versus 1/s plots in the presence and absence of these amino-acid inhibitors 
indicate that the inhibition by L-threonine is competitive whereas the inhibition 
by L-lysine is noncompetitive. From other experiments that will not be 


+Threonine—, 
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Ficure 3. Inhibition analysis of the lysine- and threonine-sensitive aspartokinases. Key: 
v = amount of pe a gy ae (expressed as optical density at 540 my of the ferric com- 
plex) formed in 30 minutes; S = moles of aspartate per liter. In experiment a, the assay 
mixtures contained 0.9 mg. protein from a 40 to 50 per cent ammonium sulfate fraction and, 
where indicated, 0.01 M L-threonine. In experiment 6, 0.61 mg. of protein from a 0 to 35 per 
cent ammonium sulfate precipitate was the enzyme and, where indicated, 0.01 M L-lysine. 
Otherwise conditions were as described in TABLE 1. ; 


described in detail it was demonstrated that the noncompetitive inhibition by 
L-lysine is reversible. The Km/’s for aspartate calculated from the data of 
FIGURE 3 are 3 X 10~ for the lysine-sensitive enzyme and 2 X 107% for the 
threonine-sensitive enzyme. 

Repression. The data presented thus far show that the aspartokinases of 
E. coli are subject to regulation through feedback inhibition by lysine, threonine, 
and homoserine. In order to determine if these enzymes are regulated also by 
repression, a study was made to determine if cellular concentrations of the 
various enzymes are influenced by the presence of high concentrations of 
threonine, lysine, methionine, and homoserine during growth. The results of 
a typical experiment summarizing the effects of threonine and lysine are pre- 
sented in TABLE 3. It will be noted that the total aspartokinase activity of 
the sonic extract derived from bacteria grown on minimal medium is 184 units 
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per mg., and that this activity is inhibited 28.5 per cent by L-lysine and 46 per 
cent by t-threonine. When the organism is grown on a medium supplemented 
with 10 M 1-threonine, the total aspartokinase activity is but slightly re- 
duced and the susceptibility to inhibition by lysine and threonine is unchanged. 
On the other hand sonic extracts of E. coli grown on a minimal medium con- 
taining 10~ M 1-lysine contain a significantly lower aspartokinase level, and 
this aspartokinase is not at all susceptible to inhibition by t-lysine but is 
inhibited mainly by r-threonine. Finally the extract of organisms grown on a 
mixture of threonine and lysine contain even lower amounts of aspartokinase 
that is not inhibited by r-lysine. These data thus show that the synthesis of 
the aspartokinase which is selectively inhibited by 1-lysine is completely 
repressed when the organism is grown in the presence of 10-2 M t-lysine and 
Suggest that slight repression of the threonine-sensitive enzyme may occur 
when this amino acid is added to the growth medium, especially in the presence 
of L-lysine. 


TABLE 3 


REPRESSION OF ASPARTOKINASE BY GROWTH OF ESCHERICHIA COLI HFRC 
ON L-THREONINE AND/OR L-LYSINE 


se 
= 


Inhibition by 
= th ion Aspartokinase 
7 Sahai cae Gunite /mg-) t-Lysine L-Threonine 
4 (%) (% 
a 
Minimal medium 184. 28.5 46.0 
Minimal medium + t-threonine, 10-2? M 164 30.0 43.0 
ae medium + lysine, 10-2? @ 137 0 74.0 
Minimal medium + t-lysine, 10°? M + 1- 
g, threonine, 10-2? M@ 70 0 64.0 
a 


In other similar experiments it was established that growth on homoserine or 
methionine does not influence the composition of the aspartokinase activity of 


All of the data reported thus far have been derived from experiments on 
extracts of EZ. coli, HirC. Other strains of E. coli have been found to possess 
the three different aspartokinases but the relative concentrations are variable. 
Thus in £. coli, strain W, the total aspartokinase level is somewhat higher than 


is much lower (TABLE 4). With strain W, the lysine-sensitive and threonine- 
sensitive enzymes are both somewhat repressible when the organism is grown 
in the presence of these amino acids. Growth in the presence of high concen- 
rations of both amino acids together produces an eight- to tenfold decrease in 
he total aspartokinase level. Curiously, the absolute amount of homoserine- 
sensitive activity is unchanged by growth on lysine and threonine. 

‘In summary, extracts of E. coli, HirC, have been found to contain two as- 
artokinases which are readily separated from each other by simple ammonium 
ifate fractionation. One of these aspartokinases is specifically and non- 
ompetitively inhibited by t-lysine; its formation is completely repressed when 
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the bacterium is grown in the presence of 1-lysine. The other aspartokinase: 
is specifically and competitively inhibited by L-threonine; and its formation may) 
be slightly repressed when the organism is grown in the presence of threonine¢ 
and lysine. 

Relatively smaller amounts of a third aspartokinase, which is specifically § 
inhibited by pL-homoserine, are present also, but the properties of this enzymes 
have not been investigated in detail. 

It should be emphasized that aside from differences in relative heat stability, . 
the different aspartokinases are recognizable in crude extracts only on thes 
basis of their differential inhibition and repression by L-lysine and L-threonine. : 
They catalyze identical reactions involving the transfer of a phosphoryl group: 
group from ATP to the B-carboxyl group of aspartate to form 6-aspartylphos-; 
phate. In studies not discussed, it was found that the separated enzymes: 
cannot be differentiated on the basis of reaction kinetics or their responses to: 
changes in aspartate, ATP, Mg** or H* concentrations. 


TABLE 4 


REPRESSION OF ASPARTOKINASE BY GROWTH OF ESCHERICHIA COLI, STRAIN W, 
ON L-THREONINE AND/OR L-LYSINE 


Aspartokinase activity 
inhibited by 
Conditions of growth Ah aes a 
Lysine Threonine | Homoserine ; 
(%) (%) ‘%) 
Minimal medium 305 boas 8.0 135 
Minimal medium + Thy* 308 (SRS) ile) 4.5 
Minimal medium + Lys + Thr oH) 10.0 55.0 12.8 
Minimal medium + Lys 105 19.0 61.0 —_ 
* Abbreviations as in TABLE 1. 
Discussion 


In view of the fact that aspartyl phosphate formation represents the first 
step in various reaction sequences involved in the biosynthesis of several 
different end products (FIGURE 1), the presence of separate aspartokinases for 
each metabolic pathway is understandable from the standpoint of cellular reg- 
ulation. In the absence of separate enzymes, the operation of “repression” 
and “feedback” mechanisms of control could lead to serious difficulties. Then 
an overproduction of one ultimate end product could result in a reduction of 
aspartokinase activity to a level below that necessary to provide adequate syn- 
thesis of other essential metabolites also derived from aspartyl phosphate. _ 

Although the function of the homoserine-inhibited aspartokinase is unknown, 
it is a reasonable assumption that the lysine-inhibited and the threonine- 
inhibited enzymes of E. coli are synthesized in order to permit independent 
regulation of the pathways leading to the biosynthesis of lysine and of threonine 
respectively. A question that follows logically from this assumption is whether 
the biosynthesis of lysine and threonine involves two parallel biosynthetic 
pathways in which all of the common enzymatic steps are spatially separated 
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within the cell, or do the separate aspartokinases supply a common pool of 
aspartyl phosphate from which both amino acids are ultimately derived? If 
the latter situation is correct, then the function of separate enzymes, inde- 
pendently controlled by repression and feedback, would be to limit this control 
such that an overproduction of one amino acid could never cause a reduction 
in the aspartyl phosphate pool to a level below that necessary for the bio- 
Synthesis of the other amino acid. Repression or feedback control of the 
enzymes involved in later steps in their biosynthetic pathways might then 
direct the ultimate fate of the aspartyl phosphate pool. It is therefore of 
interest to determine the repression and inhibition of other enzymes involved 
in lysine and threonine biosynthesis. 

_ In any event the results reported here suggest that the multiplicity of en- 
zymes frequently observed to catalyze the same biochemical reaction in a 
Single organism may represent situations in which the product of the catalyzed 
teaction is a common precursor in diverse metabolic pathways. In these 
instances it might prove fruitful to investigate the repression and feedback 
inhibition by reasonable end products. 
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THE HETEROGENEITY OF THE COPPER-CONTAINING 
PROTEIN OF HUMAN PLASMA, CERULOPLASMIN 


Shalom Z. Hirschman, Anatol G. Morell, I. Herbert Scheinberg 


Department of Medicine, Albert Einstein College of Medicine and the Bronx Municipal 
Hospital Center, New York, N.Y. 


Introduction 


In the normal human adult ceruloplasmin, the blue copper-protein of plasma‘ 
is present at a concentration of about 30 mg. per 100 ml. of plasma,’ and ac< 
counts for almost all of the copper contained in plasma. There are many 
disease states accompanied by changes in the concentration of this protein,i 
but the significance of these changes is virtually unknown. Deficiency of tha 
protein occurs transiently in the neonatal state, in the nephrotic syndrome, anc 
in sprue and kwashiorkor, principally,” but life-long deficiency, or even absence 
of ceruloplasmin is found, as an inherited characteristic, only in patients with 
Wilson’s disease. In contrast to such quantitative variations, the work re< 
ported in this paper is concerned with qualitative variations of the protein. 

Broman,* Sankar,® and Uriel® first showed that ceruloplasmin may exist 
in more than one molecular form. Work in this laboratory,’ with purifiec 
ceruloplasmin prepared from the pooled plasma of 9,109 donors, indicated there 
were three chromatographically different ceruloplasmin fractions containing 
four electrophoretically variant forms. The chromatographic fractions were 
indistinguishable when compared with respect to copper content,! blue color, 
paraphenylenediamine (PPD)!"* oxidase activity and the exchangeability of 
protein bound copper with ionic copper-64.° Although the different electro- 
phoretic mobilities of the chromatographic fractions of ceruloplasmin indicatec 
possible differences in their amino acid compositions, such differences coul¢ 
not be detected by preliminary amino acid analyses.!° | 

There are two principal results of our present studies. First, two fractions 
of ceruloplasmin are present in normal human adults. Second, two fractions 
of ceruloplasmin are present in newborn infants and in almost all patients with 
Wilson’s disease despite the sharp reduction in concentration of ceruloplasm m 
found in these subjects. 


Methods 


Serum was prepared from venous whole blood collected from (1) 10 normal! 
adult donors, and (2) 1 patient with Wilson’s disease and from (3) the cords 
of 4 newborn infants. Ceruloplasmin was purified and concentrated as follows. 
and as outlined in TABLE 1. 

The pooled serum from each source was diluted with twice its volume ot 
0.05 M phosphate buffer of pH 6.4 and adsorbed onto a diethylaminoethy] 
cellulose (DEAE)" column* previously equilibrated with a solution of 0.05 M 
sodium chloride in 0.05 M phosphate buffer of pH 6.4. The column wa: 
then thoroughly washed with the latter solution. The blue ceruloplasmir 


* Cellex-D Anion Exchange Cellulose, Bio-Rad Laboratories, Richmond, Calif. 
960 . 


TABLE | 


PURIFICATION OF HUMAN _CERULOPLASMINS FROM SERUM 


lcm. 
OD 6l1Omu 


Chromatography Material OD 280% 1_ Purity of ceruloplasmin 
DEAE cellulose-frontal serum = its 
tie frontal Scrudest 0.008 18 
ME fite-cradien, Mctude 0.020 45 


DEAE - gradient Fro 0.026 59 
DEAE - gatest JE 0.020 45 
es oN: I*® 0.042 95 
ae Fr. *¥ 0.032 73 


Method for the fractionation, concentration, and purification of human ceruloplasmins from 
whole serum: the purity of the ceruloplasmin preparation obtained at each step is determined 
from the ratio of blue color (ODéi0 my) to total protein (ODse0 my) which is 0.044 for a 
solution of pure ceruloplasmin. 
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 Ficure 1. Gradient elution chromatography of crude ceruloplasmin, prepared from the 
pooled serum of 10 normal adult donors, on a hydroxylapatite column. The height of the 
column was 16.2 cm. and the internal diameter was 1.8 cm. The constant volume mixing 
hamber contained 200 cc. of 0.1 M phosphate buffer of pH 6.4. The addition flask contained 
a 0.45 M phosphate buffer of the same pH. In FicurEs 1 to 5 inclusive, total protein is 
ziven by OD280 my: PPD oxidase activity, by A OD5s0 m,/min.; blue color of ceruloplasmin 
iby ODE my; and the concentration of the eluant by the topmost curve. Jn Ficures 1, 2, 
and 3 the scales for total protein and blue color were selected in such a manner that the 2 
espective curves would be superimposed for a solution of pure ceruloplasmin. 
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band, visible at the top of the column, was eluted frontally with a solution ¢ 
0.3 M sodium chloride in 0.05 M phosphate buffer of pH 6.4. A turbid yellow- 

green solution was obtained that was centrifuged in a Spinco Model L ultra-- 
centrifuge at 105,000 g for 15 min., and the clear yellow-green supernatant was s 
decanted. 


This was diluted with 5 times its volume of 0.05 M phosphate buffer of pHi 


2.400 


© 0.4 = 
E 03 = § 
2.2004 € 0.2 & 
i 1 5 
Ea ot 
é 3 
oP 
1.8004 8 
<j 0.40 
1.600-+— 0.16 
1.400-+- 0.14 ‘ 
= 0.30 |! 
rE \ 
EQ 1.200-+-0.12 a 
—_N E E 
a Eo 
© 1.000-+ 0.10 Ss 
Fan) 
0.20 O 
0.800-+- 0.08 
0.600-+ 0.06 
0.400-+-0.04 0.10 
0.200-+-0.02 


10 20 30 40 50 60 70 
Tube number 


‘ 
Ficure 2. Gradient elution chromatography of fraction I ceruloplasmin obtained from 
the pooled serum of 10 normal adult donors, on a DEAE column, yielding purified fraction 
I*. Height: 12.3 cm.; internal diameter: 1.8 cm. The constant volume mixing chamber 
contained 100 cc. of 0.1 M sodium chloride in a 0.05 M phosphate buffer of pH 6.4. The ad- 
dition flask contained 0.35 M sodium chloride solution made up in the same buffer. 


6.4, and the ceruloplasmin was adsorbed onto a hydroxylapatite column” 
equilibrated with the same buffer. The column was then washed with the. 
buffer and with 0.1 M phosphate buffer of pH 6.4 yielding a yellow material 
that was discarded. The blue ceruloplasmin band was eluted frontally, with 
a 0.4 M phosphate buffer of pH 6.4 yielding a crude ceruloplasmin preparation, 

This was dialyzed for 24 hours against a 0.05 M phosphate buffer of pH 6.4. 
The heavy white precipitate formed in the dialysis sac was centrifuged down, 
and a clear blue solution was obtained. The ceruloplasmin was adsorbed onto 
a hydroxylapatite column at 5° C. and subjected to gradient elution (FIGURE 
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_ Ficure 3. Gradient elution chromatography of fraction II ceruloplasmin obtained from 
the pooled serum of ten normal adult donors, on a DEAE column, yielding purified fraction 
‘IL.* Height: 11 cm.; internal diameter: 0.9 cm. The gradient was made as in FIGURE 2 
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i i tography of crude ceruloplasmin prepated from pooled 
Ficure 4. Gradient elution chromatography pt ee ae oct, 


7 ined f the cord blood of four newborn infants, hy L 
et cn. iscal eeneters 1.2 cm. The constant volume mixing chamber contained 
5 cc. of 0.1 M phosphate buffer of pH 6.4. The addition flask contained 0.45 M phosphate 


fier of the same pH. 
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1). Three-cc. samples were collected in each of 80 tubes. The PPD oxidase 
activity and the conductivity were determined on samples from selected tubes 
For further purification, without apparent further fractionation, all of th 
normal adult samples of each of the two fractions in FIGURE 1 that contained 
ceruloplasmin, as indicated by blue color or PPD oxidase activity, were com- 
bined. Both were concentrated by ultrafiltration through separate collodion 


0.4 


0.9 


Fru 


(oom arom, 
o> NM Ww 
Phosphate 
moles/I 


0.8 


0.7 


0.6 


0.5 
a 
E 0.4 
co” 0.04 
Ln 
(a) 
© 0:3 0.03 


0.2 


= 
“Crm rnvnesennnnnenensnorg 
-" 
ceceencesenee@eeens 


0.1 


° 
2° 
1cm, F 
AOD E45 my /min. @ 


10 20 30 40 50 60 


Tube number 


Ficure 5. Gradient elution chromatography of crude ceruloplasmin, obtained from the 
serum of a patient with Wilson’s disease (H. T.), on a hydroxylapatite column, The dimen- 
sions of the column and gradient were as given in FIGURE 4. 


membranes. In both cases a blue gel was obtained that was dissolved in 
approximately 10 cc. of a 0.05 M phosphate buffer of pH 6.4 and centrifuged 
in the Spinco Model L ultracentrifuge at 105,000 g for 15 min. The twe 
resultant clear deep blue solutions were each analyzed by gradient elutior 
chromatography on separate DEAE columns (FicurEs 2 and 3). Sample: 
were collected and analyzed as in the gradient elution from hydroxylapatit 
and appropriate ones were selected for starch-gel electrophoresis at pH 5. 
and pH 8.67 after dialysis against the buffer used for making the gels. 
Starch-gel electrophoreses of the serum of the newborns and the patien’ 
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vith Wilson’s disease were carried out on material obtained by gradient elution 
tom hydroxylapatite (FIGURES 4 and 5) without the further purification step 
ff gradient elution from a DEAE column. 


Results 


a 


‘3 Gradient elution chromatography on a hydroxylapatite column of the crude 
ceruloplasmin preparations from the normal human adult (FIGURE 1), the 
newborn infant (FIGURE 4), and the patient with Wilson’s disease (FIGURE 5) 
yielded 2 fractions containing ceruloplasmin, The major fraction was termed 
[ and the minor, II. The ratio of the concentration of fraction I to that of 


. 


_ Acetate pH 


aE 4 


5.5 on starch gel of the 2 ceruloplasmin fractions ob 
I = fraction I ceruloplasmin; II = fraction II cerulo 


_ Ficure 6. Electrophoresis at pH 
Staining of ceruloplasmin 


ained from ten normal human adults. 
smin; the migration is downward in the direction of the anode. 


n FIGURES 6 to 11 by means of PPD. 


‘tion II, as measured by blue color (FIGURE 1) or enzymatic activity (FIG- 
es 4 and 5), was found to be approximately 3:1 in all 3 cases. 

Starch-gel electrophoresis of samples of these 2 chromatographic fractions 
uloplasmin indicated, first, that fraction II ceruloplasmin has a lower 
mobility than fraction I ceruloplasmin at pH 5.5 in each type of individual 

uRES 6, 8, and 10). This is also true at pH 8.6 (ricurEs 7, 9, and 11) al- 
gh the differences in mobility between the two fractions are slight at this 
- Second, fraction II ceruloplasmin, obtained from the normal human adult, 
a lower mobility at pH 5.5 than the corresponding fraction IT ceruloplasmin 
ined either from the newborn infants (FIGURE 8), or from the patient with 
on’s disease (FIGURE 10). This suggests that fraction II ceruloplasmin 


fori newborn infants or from patients with Wilson’s disease may be qualita- 


different from fraction HU ceruloplasmin of the normal human adult. 
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FicurE 7. Electrophoresis at pH 8.6 on starch gel of the 2 ceruloplasmin fractions ob-' 
tained from 10 normal human adults. Symbols and direction of migration as in FIGURE 6. 


Ficure 8. Electrophoresis at pH 5.5 on starch gel of the 2 ceruloplasmin fractions ob- 
tained from the newborn infant compared to those of the normal adult. I, = fraction I of the 
normal adult. II, = fraction IT of the normal adult. I; and II; represent the corresponding 
fractions from the newborn infant. The migration is downward in the direction of the anode. 
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_ Ficure 9. Electrophoresis at pH 8.6 on starch gel of the 2 ceruloplasmin fractions ob- 
ained from the normal infant compared to those of the normal adult. Symbols and direction 
of migration as in FIGURE 8. 


‘Ficure 10. Electrophoresis at H 5.5 on starch gel of the 2 ceruloplasmin fractions ob- 
ned from a patient with Wilson’s disease (H.T.) compared to those of the normal adult. 
and II, represent fraction I and fraction II, respectively, obtained from the normal human 
ult. 1,, and II, represent the corresponding fractions from a patient with Wilson’s disease. 
fhe migration is downward in the direction of the anode, 
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Discussion 


The significance of the heterogeneity described in this paper is unknown. | 
We do not even know if these two types of ceruloplasmins represent genetic or! 
acquired variants. Indeed, one may ask whether these variants are not| 
simply artifacts of the fractionating procedure. Two of us (A.G.M. and L.HLS.)) 
were troubled by this consideration when we found, in the previous work: 
referred to above, four variants of ceruloplasmin’ in material prepared by al-- 
cohol fractionation procedures modified from those of Cohn. It was as ai 
result of this concern that we carried out the studies we are now reporting! 
which involve the treatment of fresh whole serum at pH values no lower than: 
6.4 without the addition of any soluble organic reagents. These procedures: 


Ficure 11. Electrophoresis at pH 8.6 on starch gel of the 2 ceruloplasmin fractions ob- 
tained from a patient with Wilson’s disease (H.T.) compared to those of the normal adult. 
Symbols and direction of migration as in FIGURE 10. 


on te 


appear to us to be of such a mild nature as not to be likely to cause changes 
in ceruloplasmin of the kind we have observed. i 

Our results are not in accord with those recently reported by Richterich,® 
who found that, in contrast to the normal human adult, newborn infants and 
patients with Wilson’s disease have a greater concentration of fraction I 
ceruloplasmin than of fraction I. We found fraction I to be the major com- 
ponent in all three types of individuals. Our other finding, that fraction 
ceruloplasmin from newborn infants and from a patient with Wilson’s disease 
may be qualitatively different from fraction II of the normal human adult, 
requires further_investigation. 


Summary and Conclusions 


? 


Chromatography of fresh whole serum indicates that there are two chroma- 
tographically different fractions of ceruloplasmin in normal human adults, 
newborn infants, and in one patient with Wilson’s disease. 


el 
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Despite the marked deficiency of ceruloplasmin in the neonates and in the 


patient with Wilson’s disease, the ratio of the concentrations of the two chromato- 
graphic fractions appears to be the same in these subjects as in the normal 
adult. 


Starch-gel electrophoresis, at pH 5.5 and pH 8.6, of the two chromatographic 


fractions of ceruloplasmin from these individuals demonstrated several differ- 
ences in mobility between the 2 fractions. 
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IMMUNOCHEMICAL STUDIES OF FUNCTIONALLY 
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For many years attempts have been made to demonstrate differences amon; 
functionally similar enzymes from different tissues of the same species. Chem~ 
ical, kinetic, physical, and immunochemical methods have been employed.! 
For example, 0.8 per cent formaldehyde inhibits red-cell acid phosphatas 
completely, but has no effect on prostatic acid phosphatase.! Kaplan a 
his associates have characterized the lactic dehydrogenases from different 
tissues by the relative rates of reduction of diphosphopyridine nucleotide 
(DPN) and DPN analogues.? Liver phosphoprotein phosphatase of lysosomes: 
has been shown to differ from that in the soluble phase with respect to the Kz 
values obtained with a-casein and 6-casein, as well as on the basis of the ratios 
of Vinax. @-Casein: Vmax. 6-casein.’ Several zones of lactic dehydrogenase activ~ 
ity in human serum were demonstrated electrophoretically in 1957 by Veselll 
and Bearn; the relative amounts of lactic dehydrogenase in the zones were‘ 
changed in myocardial infarction and in leukemia.‘ 

In 1943, Kubowitz and Ott® attempted to differentiate enzymes from nor- 
mal and tumor tissues in a single species by immunochemical techniques. 
They found that the lactic dehydrogenase isolated from either rat muscle on 
Jensen sarcoma of the rat was inhibited equally by rooster antiserum to the: 
rat-muscle enzyme, and that the inhibition by the antiserum was competitive 
with the substrate, pyruvate. Henion and Sutherland® showed that rooster 
antisera to dog-liver and dog-heart phosphorylases most powerfully inhibited! 
the homologous enzyme in each case, and had less effect upon the phosphoryl 
ases from other dog tissues, as well as from heart and liver of other species. 
McGeachin and Reynolds’* have recently reported that antisera produced in 
rabbits, roosters, or rats against hog pancreatic e-amylase inhibited hog sali- 


* The work described in this article at Sloan-Kettering Institute was supported in part by 
the following grants: Grants P-163 and P-164D from the American Cancer Society, New York, 
N.Y.; Grant DRG 332D from the Damon Runyon Memorial Fund for Cancer Research, 
New York, N.Y.; Research Grant C-4251(C2S1) from the National Cancer Institute, Public 
Health Service, Bethesda, Md.; and Contract No. SA-43-ph-3716 from the Diagnostic Re- 
search Branch of the National Cancer Institute. The work at the Roswell Park Memorial 
Institute was supported in part by the Rosenstiel Foundation, New York, N.Y., and by 
ike RG-6024 from the National Institutes of Health, Public Health Service, Bethesda, 
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Vary, pancreatic, spleen, and serum amylases, but had no significant effect 
upon the a-amylase isolated from hog liver. 

About 1952 a program was initiated in our laboratory at Sloan-Kettering 
Tnstitute to attempt the immunochemical differentiation of functionally similar 
enzymes from different tissues of the same organism. The three enzymes with 
which we have been concerned so far have been alkaline phosphatase, phospho- 
hexose isomerase, and lactic dehydrogenase. 


Phosphohexose Isomerase 


Phosphohexose isomerase (PHI) from both dog liver and human liver were 
Studied. Rabbits were injected with liver isomerase that had been purified 
about 50 to 100-fold.® The reaction between PHI and the rabbit antiserum 
involved both inhibition of the enzyme and precipitate formation in which the 


TABLE 1 


DistrRiBution OF Doc LivER PHOSPHOHEXOSE ISOMERASE ACTIVITY FOLLOWING 
INCUBATION WITH AND PRECIPITATION By ITs ANTISERUM 


Time of incubation 
30 Min. 4 Hr. 7 Days 

Activity (units) of antigen-normal rabbit- 
heated serum mix 10,800 10,800 8,590 
Activity (units) of antigen-rabbit heated 
: antiserum mix 8,740 8,480 6,900 

hibition (%) 18 ts 20 

omerase activity (units) in: 
(1) Precipitate 7,585 6,810 
_ (2) Supernatant 35 35 
Recovery of enzyme in: 
_ (4) Precipitate (%) 89.5 98.5 
_ (2) Supernatant (%) 0.4 0.4 


srecipitate retained as much as 80 per cent of the original enzymic activity 
Se 1). At low enzyme concentration, that is, 2 ug. of enzyme per 3.0 
ml. of antiserum, up to 68 per cent of the activity of human-liver PHI was 
inhibited; whereas at high concentrations of enzyme, that is, 40 yg. of enzyme 
per 3.0 ml. of antiserum, a maximum of only 22 per cent of the activity of 
dog-liver PHI was inhibited. However, all of the remaining activity could be 
emoved by centrifugation and could be demonstrated in the resuspended pre- 


At levels of enzyme at which dog-liver PHI was precipitated by its homolo- 
ous antiserum, purified isomerases from rat liver, rabbit muscle, and rabbit 
rythrocytes were not significantly precipitated; however, at these same con- 
concentrations of enzyme the isomerases from dog muscle and erythrocytes 
vere completely precipitated. Various amounts of purified preparations of 
HHI from human liver, human skeletal muscle, human cardiac muscle, and 
juman erythrocytes were reacted with antiserum to human-liver PHI. At 
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concentrations of the antigen ranging from 1000 to about 25,000 U./ml. of 
incubation mixture and after incubation for 48 hours, the supernatant fluids: 
contained a negligible fraction, 0 to 5 per cent, of the activity of the added 
antigen. At concentrations of 250 U./ml. of incubation mixture, the differ-’ 
ences among the degrees of inhibition were small. Differentiation of these 
human-tissue isomerases was, therefore, not possible by this means. Recent. 
work from our laboratories has indicated the presence of 1 major band of) 
PHI in normal human serum or in homogenates of human liver by techniques: 
of zone electrophoresis on starch granules (M. K. Schwartz, unpublished data).) 


Alkaline Phosphatase 
Immunochemical studies of this enzyme have established the fact that anti- 


sera against dog-intestinal phosphatase completely precipitated that enzyme, 


TABLE 2 


PRECIPITATION OF HUMAN-INTESTINAL AND HUMAN-BONE PHOSPHATASES, SINGLY AND AS 
Mrxtures, By ANTI-INTESTINAL AND ANTIBONE PHOSPHATASE SERA 


Aatiserant ore Precip e activity 
AntiHIP-II* (0.20 ml.) HIP, 60 86 
HBP, 286 0.7 
HIP, 60 
| “ 1044 
HBP, 286 ) 
AntiHBP-A (1.40 ml.) HIP, 70 4 
HBP, 340 87 
HIP, 70 
| - 98t 
HBP, 340 


* HIP and HBP denote the phosphatases from intestine and sarcomatous bone. 
} Percentage of theoretic precipitation of activity for independent behavior. 


U 
but did not precipitate the intestinal phosphatase from other mammalian’ 
species, or the phosphatases from other organs (liver, kidney) of the same: 
species.!°"!_ Furthermore this specificity was observed even when the heterolo-: 
gous enzymes were tested in the presence of the dog-intestinal phosphatase. 
Similar studies with antisera prepared against the alkaline phosphatases from 
intestine and bone (osteogenic sarcomatous bone) of human origin showed that 
here too the antibodies were clearly capable of differentiating the enzymes from 
these tissues (TABLE 2)."! | 

Preliminary data, obtained with these 2 antisera, suggesting their applica- 
bility to the determination of tissues of origin of alkaline phosphatases in 
human serum have been extended, and are shown in TABLE 3.2 In serum 
from normal subjects, 13 to 29 per cent (column 3) of the alkaline phosphatase 
was precipitated by antiserum to intestinal phosphatase, and about 40 to 59 
per cent (column 6) by the antibodies against bone phosphatase. For serum 
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from cancer patients with skeletal or hepatic metastases, the corresponding 
tanges were 0.5 to 11 per cent and 75 to 93 per cent. Of particular note is the 
fact that the percentage of the total enzyme precipitated by antiserum to bone 
phosphatase was especially high in cases showing skeletal metastases. From 
these data it would appear that the major portion of serum-alkaline phospha- 
tase is of osteogenic origin, with the intestine contributing a much smaller 
fraction of the total. 

The results of this study prompted a number of questions, some of which 
have been the basis for further investigation. For example, the extent of 


TABLE 3 


THE PRECIPITATION OF HumAN-SERUM PHOSPHATASE BY ANTI-INTESTINAL PHOSPHATASE 
AND ANTIBONE PHOSPHATASE SERA IN THE PRESENCE OF Horse ANTIBODY 


Phosphatase 
Z precipitated by: : : Phosphatase 
erum “Bone’’ atio ° not pre- 
Clinical diagnosis i ag ete nei oon hiserumt intestinal nui 
units* % = 2 osphatase} anti 
ca 
(%) 
Normal patient 8.4 | 29 67 69 40 1.4 31 
Normal patient A We 13 60 61 48 3.8 39 
Normal patient 8.4 | 13 72 72 59 4.6 28 
Cancer patients 
Kidney (removed) ; 
liver metastasis 50 11 87 86 75 6.9 14 
_ Breast; liver and skele- 
. tal metastasis 118 8 92 91 83 10 9 
Cystic duct; liver me- 
tastasis 62 3 80 78 75 25 22 
_ Prostate; skeletal me- 
tastasis 48 3 93 92 89 31 8 
_ Prostate; skeletal me- 
F. tastasis 122 0.5] 94 94 93 190 6 
Es. 
4 * King-Armstrong units. : h 
_ +} HIP and HBP denote the phosphatases from intestine and sarcomatous bone. 
= 


t “Bone” phosphatase values were obtained by subtracting the values in column 3 from 
hose in column 5. See the text for explanation. 


:. reactions of other tissue phosphatases with the antisera from intestine 
and bone was not known. In TABLE 4 are shown the results of precipitation 
‘of enzymatically equivalent amounts of the alkaline phosphatases of intestine, 
bone, kidney, and liver by anti-intestinal phosphatase serum and by anti-bone 
phosphatase serum in the absence and presence of the horse antibodies. Horse 
atibodies (horse, antirabbit, y-globulin antibodies) were included in this study 
to simulate conditions of the serum systems where they were included to in- 
‘sure maximum precipitation of the very low levels of phosphatase present. 
‘With the antiserum against intestinal phosphatase, 87 and 91 per cent of 
the intestinal enzyme was precipitated in the absence and in the presence of 
the horse antibodies respectively. In contrast, the enzymes from the other 
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organs were only slightly precipitated under these conditions. With anti- 
serum against bone phosphatase, the intestinal enzyme was readily differen- 
tiated from the bone enzyme in the absence of horse antibodies. On the 
other hand, the serological behavior of the enzymes from bone, liver, and 
kidney were similar, whether precipitation was carried out in the absence of 
horse antibodies (64 to 77 per cent precipitation) or in their presence (89 to 
94 per cent precipitation). Whether kidney or liver contributes to the serum : 
alkaline phosphatase under normal or pathological conditions is not yet known. 

Evidence of an independent nature with which the immunochemical differ- 
ences between the phosphatase of intestinal origin and those from the other 
tissues might be correlated was sought in the relative activities of the different 
tissue phosphatases when tested under the same conditions against several 
substrates (W. Landau and M. Schlamowitz, unpublished data) and in their 


TABLE 4 


Cross REACTION OF ANTI-INTESTINAL AND ANTIBONE PHOSPHATASE SERA WITH 
ALKALINE PHOSPHATASES FROM OTHER TISSUES 


Precipitation of enzyme activity: : 
. Enzyme fe | 
Antiserum (ug.) Without horse With horse 
antibody antibody 
% (%) 
AntiHIP-II* (0.20 ml.) HIP-II 28.1 87 91 
HBP-A 87.4 0 6 
HKP-19-IT 1180 2 10 
HLP-50-II 405 _— 12 
AntiHBP-A (0.50 ml.) HBP-A 83.2 77 94 
HIP-II 22.0 4 61 
HKP-19-IT 1180 64 89 
HLP-50-II 405 74 92 


* HIP, HBP, HKP, and HLP denote the phosphatases from human intestine, bone, kid- ; 
ney, and liver, respectively. 


i 
chromatographic properties (A. L. Grossberg, E. S. Harris, and M. Schla-- 
mowitz, unpublished data). The results of the studies with different sub-- 
strates are shown in TABLE 5. Two differences seem to stand out. The rela-- 
tive activities of the enzymes from bone, liver, kidney, and spleen against | 
p-nitrophenylphosphate were about 83 to 104 per cent, whereas the activity of | 
the intestinal phosphatase was only about 45 per cent of the activity with the | 
reference substrate, 6-glycerophosphate. Conversely the activity with adeno-: 
sine-S’-phosphate was 131 per cent for the intestinal enzyme, but only about | 
53 to 67 per cent for the enzymes from the other tissues. .The difference be- 
tween the intestinal phosphatase and the enzymes from other tissues investi- 
gated appear thus far to be reflected both serologically and by studies of their 
“substrate spectra.” tas 

Chromatography of pooled preparations of enzyme from each tissue served 
to indicate a high degree of chromatographic homogeneity for bone, liver, and 
spleen phosphatases on carboxymethylcellulose (CMC) and diethylamino- 


etn F, 
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ethylcellulose (DEAE), and a heterogeneity of the enzyme preparations from 
intestine and kidney (FIcuRE 1). The range of variation to be encountered 
is shown in the chromatographic analysis of individual specimens from intes- 
tine and kidney, the tissues displaying the greatest heterogeneity in the pooled 
‘Samples (FIGURE 2). With intestine, there is in every case a major compo- 
nent with the ‘‘substrate spectrum” characteristics already described. In 
addition a fraction, eluting just before this main peak, appears in some cases. 
In one case, still another minor component (approximately 15 per cent) was 
eluted from the column prior to the start of the gradient; it was interesting to 
note that this component showed the substrate spectrum of the enzymes from 
liver, kidney, bone, and spleen. With kidney, 2 principal chromatographic 
components were seen (the latter probably heterogeneous), most often in ap- 
proximately a 40:60 ratio, although in 1 case a ratio of 15:85 was found. 


TABLE 5 


RELATIVE ACTIVITIES OF HUMAN-TiIssUE ALKALINE PHOSPHATASES 
ON PHOSPHOMONOESTER SUBSTRATES 


Relative activity* 
Substrate 
Hip-Vj-| HEPI | BLp-tv | asp-ry |HRE UI | HKP-IT 
_8-Glycerophosphate 100 100 100 100 100 100 
_p-Nitropheny1! phosphate 45 103 83 100 99 104 
Threonine phosphate 89 85 88 81 81 81 
Phenolphthalein phosphate 47 71 82 71 69 71 
_Adenosine-5’-phosphate 131 66 65 57 53 67 
-Phosphoglyceric acid 48 23 34 30 31 31 


 * Activities were measured at pH 9.7, 37° C. with 0.02 M substrate for 20 min., during 
which the release of phosphate as a function of time was linear. _ : 

_ } Preparations designated II are obtained by fractionation with ethanol; III is prepara- 
tion II chromatographed on CMC; IV is preparation IIT chromatographed on DEAE; and 
V is preparation IV rechromatographed on DEAE. The first enzyme fraction eluted from 
CMC is designated A; the second, B. 


— 
~ 


The substrate spectrum of individual kidney specimens resembled that of the 
pooled preparation (TABLE 5) and was about the same for both chromato- 
‘graphic fractions. Parallel chromatographic distribution of phosphatase ac- 
‘tivity was observed with each of the substrates tested. 

_ At this point it was desirable to investigate the possible influence of the 
‘mode of preparation of the enzyme on chromatographic behavior. Two alka- 


line phosphatase preparations from hog kidney were prepared, one by the 
autolytic procedure used with the human phosphatases, and the other from 
fresh kidney by the butanol extraction procedure.¥ The chromatographic 

ehavior and substrate spectra of the 2 preparations were then compared. 
It may be seen from FIGURE 3 that the chromatographic behavior of the auto- 

zed preparation resembles that observed with human kidney phosphatase; 
two fractions were obtained with elution complete at about 0.125 M Cl. This 
attern was different from the butanol preparation that chromatographed 
sredominantly as a single component eluted by about 0.40 M Ci. However, 
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Ficure 1. Chromatography of human tissue alkaline 
cellulose (CMC) and diethylaminoethylcellulose (DEAE). 


phosphatases on carboxymethyl- - 
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as far as substrate spectrum was concerned there was no difference (TABLE 6); 
it appeared to be characteristic of the tissue. 
Lactic Dehydrogenase 


The activity of this enzyme, like that of other glycolytic enzymes, is in- 
creased in the serum of patients with a variety of diseases. Such elevations 
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have been reported in patients with hepatitis,!* myocardial infarction,” and | 
certain types of cancer including leukemia.'® h. 
Early studies of the LDH of rabbit tissues showed the feasibility of using } 
immunochemical methods to differentiate among the tissue LDHs.”* In) 
studies in this laboratory it was shown that roosters treated intravenously ° 
with alum-absorbed crystalline LDH from rabbit skeletal muscle produced | 
antibodies that, under suitable conditions, completely inhibited the activity of ' 


branes! 


PKP-1-I PKP-I|- Butanol 
SPEC. ACT. 2050 SPEC. ACT. 414 


ACTIVITY (KLETT readings /ml) 


FRACTION (1.1 ml./fraction) 


FicurE 3. Chromatography on DEAE of porcine kidney alkaline phosphatase prepared | 
by autolysis (/eft), and by extraction with butanol (right). 


TABLE 6 


RELATIVE ACTIVITIES ON PHOSPHOMONOESTER SUBSTRATES OF PORCINE KIDNEY 
PHOSPHATASES OBTAINED BY AUTOLYSIS AND BY BUTANOL EXTRACTION 


Relative activity* 


Substrate ae 
PKP-1-II(DEAE)At PKP-1-Butanol . 
B-Glycerophosphate 100 100 
p-Nitrophenylphosphate 88 91 
Adenosine-5’-phosphate 61 68 


—————SSS eee ‘ 
* Activities were measured at pH 9.7, 37° C. with 0.02 M substrate for 20 min., during } 
which the release of phosphate as a function of time was linear. ; 


+ PKP-1-II(DEAE)A is the first peak eluted when PKP-1-II (the ethanol fraction from | 
autolyzed kidney, specific activity, 2050 U./mg. protein) is passed through DEAE. PKP-1- : 


Butanol is the aqueous fraction of a butanol extract of fresh kidney, specific activity, 1035 | 
U./mg. protein. | 


the homologous enzyme (FIGURE 4), that is, 50 wg. of crystalline LDH was: 
completely inhibited by 1 ml. of antiserum. The extent of inhibition of ho-: 
mologous enzyme by antiserum was found to be independent of the concentra- : 
tion of reactants and to depend solely upon the relative concentrations of 
rabbit-muscle LDH and its antiserum.” No competition between antiserum 
and either pyruvate or DPN could be demonstrated. The interaction of LDH | 
from other rabbit organs with antiserum to rabbit-muscle LDH is shown in. 
TABLE 7. It can be seen that the LDHs from liver and skeletal muscle are 
strongly inhibited by the antiserum to the rabbit-muscle enzyme, while the ac- 

+ § 


g 


: 


Nisselbaum e¢ al.: Functionally Similar Enzymes 979 


O 20 40 60 ~ 80 100 300 500 
#g LDH 


FicurEe 4. Rabbit-muscle LDH solution (0.2 ml.) was added to 0.2 ml. of normal human 
serum (open circles) or antiserum (closed circles), and was incubated at 4° C. for 72 hours. 
A, the ordinate represents percentage of added enzyme remaining in the supernatant; and B, 

the ordinate represents yg. of protein precipitated. Reproduced by permission of The Jour- 
nal of Biological Chemistry. 


TABLE 7 
INHIBITION OF LDH From RABBIT ORGANS BY ANTIRABBIT-MusctE LDH 


. Enzyme source epee Res a hoa 
Serum 3.6 32 
14.5 45 
Kidney 1.4 X 103 25 
; 5.0 X 108 38 
oS Heart 1.1 * 104 9 
- 223 X* 104 8 
: Liver 1.7 X 103 69 
s 1.0 X 104 73 
4 F Muscle Te Si<e 10% 81 
y 9.5 X 104 79 
_ 

50: 50 serum + muscle (single 

_ determination) — er 


PG riculated: 


980 Annals New York Academy of Sciences 


tivity of the enzyme from heart is practically unaffected. Only 32 per cent 
of the LDH in normal rabbit serum was inhibited by antiserum to the rabbit- 
muscle enzyme. However, all of the added rabbit-muscle enzyme in a 50:50 - 
mixture of serum and muscle enzyme was inhibited by the antiserum. Thus — 
it is unlikely that normal serum contains any substance that might prevent 
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FicurE 5. A, LDH activity of rabbit serum in response to a single dose of 
ministered at the time indicated by the arrow: and B, nhibition of ve obitncem LEE 


antiserum to rabbit-muscle LDH after CCl, treatment. R issi | 
Journal of Biological Chemistry. ; : sprocacey 8 Pee ae 


the interaction of LDH with anti-LDH. Taste 7 also shows that the interac- 
tion of LDH from rabbit organs is not influenced significantly by the state of 
purity of the enzyme. . 
FIGURE 5 illustrates the possibility of determining the organ or tissue of 
of origin of LDH when the concentration of this enzyme is increased in rabbit 
serum. CCl, a well-known hepatotoxic agent, was administered to rabbits 
at a dosage of 1.0 gm./kg. of body weight. The serum LDH level increased 


=a on™ 
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40-fold, from 300 to 400 U./ml. to more than 14,000 U./ml. of serum in the 
CCli-treated animals. At the same time there was a dramatic rise in the in- 
hibition of the serum LDH by antiserum to the muscle enzyme, from a normal 
value of about 25 per cent to a maximum of about 75 per cent, the same de- 
gree of inhibition obtained with liver LDH. This high level of inhibition 
lasted until the serum-enzyme level had returned toward normal values. 
The immunochemica! differentiation of LDH from human tissues was then 
undertaken.” In pursuance of this goal it was considered desirable to purify, 
as much as possible, LDH from human tissues for use as antigens.2° The 
_ schemes adopted for the purification of LDH from human heart and liver are 
shown in TABLE 8. In both cases the final product was a crystalline protein 
having a specific activity of 2.7 X 10° U./mg. of protein. For purposes of 
our studies, 1 U. of LDH activity was defined as that amount that caused a 
_ decrease of 0.001 absorbancy in 1 min. at 37° C. in a light path of 10 mm. ina 


TABLE 8 
PURIFICATION OF Human LDHs 


Liver Heart 

Specific Specific 

Treatment activity Treatment activity 

(KU/mg.) (KU/mg.) 

_ Extraction 10-20 Extraction 10-20 
Caz (P O4) 2 58 Cas (P O4) 2 62 
~ (NH4)2SOx ; pH 5.2 150 (NH,)2SO4 130 
~ (NH4)2SOu ; pH 8.6 220 Acetone 277 
_ Ethanol 460 (NH4)2SO4 695 
_ Chromatography; (NH4)2SO4 Acetone 1,000 
Rechromatography; (NH«)2SO 2,100 (NH4)2SO. 1,900 
2,700 Chromatography; (NH) 2SO. 2,700 


% ; 
a 

reaction mixture containing a final concentration of 0.001 M pyruvate, 0.085 
-miM DPNH, and 0.067 M phosphate buffer, pH 7.4. The final volume was 
3.0 ml., and contained enzyme in a suitable concentration. 

_ Electrophoretic analysis of crystalline heart LDH at pH 8.6 in 0.1 uw veronal 
buffer is shown in FIGURE 6. The main component had a mobility between 
that of an a;-globulin and albumin 5.7 X 10-° cm. v sec.“1, and comprised 
94 per cent of the total. This is in accord with the observation of Vesell and 
 Bearn! that an LDH with a mobility between a1-globulin and albumin is in- 
creased in the serum of patients with myocardial infarction. Ultracentrifugal 
‘analysis of crystalline human heart LDH in 0.2 M NaCl containing 0.01 M@ 
phosphate buffer pH 7.4 showed this enzyme to be monodispersed at all con- 
centrations tested between 1.57 and 0.19 per cent (FIGURE 7). The sedimen- 
tation constant extrapolated to infinite dilution was Syw = 7.6 X 107" sec. 
From this value and from the diffusion constant determined by sedimentation 
equilibrium according to Ehrenberg,” a molecular weight of 140,000 + 4,000 

as calculated. CZ 

- Crystalline human-liver LDH, when subjected to electrophoresis at pH 
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yew. 


D A 


FicurE 6. Electrophoretic pattern of purified human-heart LDH at pH 8.6 in veronal 
buffer, T/2 = 0.1. A and D are ascending and descending patterns respectively. The en- 
zyme had a specific activity of 2.7 X 10® U. per milligram of protein. 


FicurE 7. Ultracentrifuge schlieren picture of purified human-heart LDH, 1.5 per cent 


solution in 0,2 M NaCl-0.01 M phosphate, pH 7.4, after sedimentation for 47 min. at 59,780 
Ipm, 
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8.6 in 0.1 » veronal buffer, lost activity. In 1 experiment, it appeared to de- 
compose into 2 components, 1 of which migrated rapidly toward the anode 
while the other precipitated in the cathode limb of the Tiselius cell. Neither 
of these components showed any enzymic activity. At pH 5.65 the liver LDH 
migrated as a single peak toward the cathode and remained fully active. 

The extinction coefficient, E2st°m"", of the crystalline enzyme from heart 
was 16.429 The ultraviolet absorption spectrum of the enzyme from heart 
exhibited a shoulder at 290 mu to 292 my, which was not present in the en- 
zyme from liver. The use of Goodwin and Morton’s formula” yielded values 
of 0.14 X 10-* moles of tyrosine and 0.220 X 10-* moles of tryptophan per 
gram of heart LDH, giving a tyrosine: tryptophan ratio of 0.63. 

The pH-activity relationship of LDH from human liver and heart were the 
same; optimal activity was obtained from pH 7 to pH 8 for the reaction in the 
direction of the reduction of pyruvate. Purified liver LDH was less stable 
than purified heart LDH at pH values over 9.0. 

Antiserum to human-liver LDH was prepared in rabbits by the intravenous 
administration of 28 mg. of alum-absorbed crystalline enzyme. The enzyme 
was given in graded doses on alternate days according to the following sched- 
ule: 4 doses each of 0.5, 1.0, 1.5, and 2.0 mg., and 2 doses of 4.0 mg. The 
animals were exsanguinated 1 week after the last dose, and the serum was col- 
lected and stored frozen in small batches. All 3 rabbits yielded antisera of 
about the same potency. 

Of 8 rabbits treated with heart LDH only 1 produced any detectable anti- 
body to the enzyme, and it was of too low a potency to be of any use. Ac- 
cordingly white leghorn roosters were used; they were treated with crystalline 
human-heart LDH according to the schedule shown above. LDH inhibiting 
antibodies were produced in varying amounts. One antiserum preparation 
was used in all of the experiments described in this paper. Rooster blood was 
collected in cold heparinized tubes; the plasma was separated and stored 

frozen in small batches. Fibrin, which precipitated gradually from the rooster 
plasma, was removed before use. Neither normal rabbit nor normal rooster 
serum had any inhibiting or enhancing effect on the activity of human LDH. 
“Inhibition of LDH activity was calculated from controls in which antiserum 
was substituted by buffered human-serum albumin, 0.15 per cent in 0.033 M 
phosphate buffer, pH 7.4. The LDH activity in the antiserum preparations 
“could not be destroyed by heating to 56° C. for 30 min., and was taken into 
account in calculating inhibition values. Two-tenths milliliter of antiliver 
LDH inhibited completely 1.0 yg. of liver LDH in a total volume of 0.4 ml.; 
0.2 ml. of antiheart LDH inhibited 90 per cent of the activity of 1.0 ug. Bi 
‘crystalline heart LDH in a volume of 0.4 ml. The same order of inhibition 
“was obtained with rooster antiserum in 0.067 M phosphate buffer, 0.15 M 
NaCl, and 1.33 M NaCl. The latter conditions, which were reported by Good- 
“man et al8 and Banovitz et al.4 to be optimal for the precipitation of rooster 
antibodies from rooster antiserum, appeared not to influence the extent of the 


inhibition reaction. 
Maximum inhibition in a homologous system was attained in 24 hours, 
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whether the reaction was allowed to proceed in concentrated reaction mixture, 
that is, 1.0 ug. of enzyme and 0.2 ml. of homologous antiserum in a reaction 
volume of 0.4 ml., or in a 40-fold diluted reaction mixture.” 1° It has also 
been shown that the cross reaction between the antiserum to heart LDH and 
liver LDH was greatly reduced in diluted reaction mixtures, while the homolo- 
gous reaction was not affected.!® Inhibitions by antisera to human-heart 
LDH and human-liver LDH of LDHs extracted from a variety of human tis- 
sues were therefore studied in diluted reaction mixtures. One ml. of tissue 
extract containing 200 U. of LDH activity was mixed with 1.0 ml. of a 1:20 
dilution of antiserum and incubated for 2 to 4 hours at 37° C. and 65 hours at 
5° C. After centrifugation at 800 g for 10 min., the activity remaining 


TABLE 9 


CoMPARISON OF INHIBITIONS OF HuMAN TissuE LDHs By ANTISERA TO HUMAN- 
Heart AND LivER LDHs* 


——— 


With antiserum to: 


LDH source 
Liver LDH Heart LDH 
(inhibition %) (inhibition %) 
Heart 2 60 
Crystallized heart 14 75 
Liver 60 11 
Crystallized liver 75 21 
Lung 24 37 
Spleen 22 34 
Prostate 22 56 
Skeletal muscle 51 16 
Testes 16 34 
Bone 21 49 
Kidney 15 55 
Brain 8 57 
Erythrocytes 0 58 


—————$—— 
* Enzyme solution (1.0 ml.) containing about 200 U. of LDH was mixed with 1.0 ml. of 
1:20 diluted antiserum. After incubation for 2 to 4 hours at 37° C. and 65 hours at 5° C., 
the mixtures were centrifuged, and the enzyme activity of 0.5 ml. of the clear supernatant 
was determined. : 


in the supernatants was determined and compared with controls in which anti- 
serum had been substituted by albumin. The results (TABLE 9) show that 
antiliver LDH significantly inhibited the activity of LDH from liver and 
skeletal muscle, but had little effect upon the activity of LDH from the other | 
tissues tested, including heart. Antiheart LDH, on the other hand, inhibited | 
LDH from heart, prostate, bone, kidney, and erythrocytes, and had little 
effect on the activity of the enzyme from liver and skeletal muscle. When 
crystalline LDH from either liver or heart was added to normal human serum | 
the homologous antiserum inhibited most of the activity of the added enzyme, , 
while the heterologous reaction was minimal (TABLE 10). 
Preliminary studies on 36 samples of serum from 14 presumably normal in- + 
dividuals gave an average LDH activity of 30 + 4.6 U./ml. of serum. The: 
average inhibition of normal serum LDH by the antibody to liver LDH was: 


aot 
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26 + 7 per cent, and the inhibition by antiserum to the heart enzyme was 60 
+ 8 per cent. In the serum of patients with hepatitis the LDH level was 
moderately elevated. The percentage inhibition of the serum enzyme by 
antiliver LDH was significantly increased, while the inhibition by antiheart 


TABLE 10 


INHIBITION OF LDH 1n HumMAN SERuM By ANTISERA TO 
HEART AND LiveER LDHs* 


With antiserum to: 
tes Liver LDH Heart LDH 
Serum ser aie 
Inhibition Inhibition 
Inhibition | of added | Inhibition | of added 
(%) LDH (%) LDH 
(%) (%) 
~ Normal 36 31 = 53 = 
Fortified with heart LDH 133 16 10 72 79 
Fortified with liver LDH 155 67 78 16 5 


__ * Equal volumes of 10-fold diluted serum or fortified serum and 20-fold diluted antiserum 
_ were mixed and incubated for 2 hours at 37° C. and 66 hours at 5° C. After centrifugation 
_ the LDH activity of the clear supernatant was determined. Activities are expressed per 
1.0 ml. of incubation mixture, and are equivalent to the units used in assaying serum LDH 
activities. 


TABLE 11 
s INHIBITION OF LDH IN THE SERUM OF A PATIENT WITH HEPATITIS* 


Inhibition with antiserum to: 
‘I Activit 
; car (U./; ml.) Liver Heart 
: (%) (%) 
a 
3 7-13-60 78 51 28 
7-16-60 62 54 34 
. 7-19-60 68 61 37 
> f 7-22-60 66 55 29 
7-27-60 62 61 37 
7-29-60 64 54 23 
8-17-60 30 29 48 
8-19-60 30 36 57 
9-19-60 30 22 53 
10-19-60 34 29 58 


§ * Date of infection not known. 


I DH was markedly lower. This reversal of the normal pattern persisted as 
ong as the serum LDH level was elevated. These features are illustrated in 


TABLE 11. 
Discussion 


In our immunochemical studies of functionally similar enzymes three types 
reactions have been encountered. Alkaline phosphatase was precipitated 
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in fully active form by its antiserum. Phosphohexose isomerase was partially 
inhibited by its antiserum, and the remainder of the activity was manifest in 
suspensions of the precipitate. Lactic dehydrogenase was inhibited by anti- 
serum under conditions that precipitated the enzyme and also in dilute reaction 
mixtures where no precipitate formation was detectable. The precipitated 
enzyme-antibody complex showed no enzymic activity under a variety of con- 
ditions.” All three types of enzyme-antienzyme interactions have been re- 
ported by other workers. Precipitates of tyrosinase’ and its antibody ex- 
hibited full enzymic activity. Urease-antiurease systems?* behaved similarly 
to the PHI-antiPHI system in that, under conditions that precipitated all of 
the enzyme, the suspended precipitates retained from 20 to 70 per cent of the 
original urease activity. The amount of enzymic activity retained in these 
precipitates was shown to be dependent upon the antibody: antigen ratio, and | 
not upon the stage of aggregation of the precipitated complex. Amylase,’ 
carboxypeptidase,” phosphorylase,® and ribonuclease,* in combination with 
specific antibodies, all formed precipitates that were enzymically inactive 
when tested in suspension. 

Our studies, both by immunochemical and electrophoretic techniques, indi- 
cate the absence of any sharp intraspecies tissue differences in the case of 
PHI. The difference between human-bone and human-intestinal alkaline 
phosphatase, which was immunochemically demonstrated, has also been noted 
with regard to inhibition by bile acids*® and amino acids.®° In the work cited 
in this paper, this difference was also reflected in the different relative activities — 
with p-nitrophenyl phosphate and adenosine-5’-phosphate. In differentiation, 
both by immunochemical means and by substrate specificity, the enzyme from 
bone was similar to the alkaline phosphatases from all other human tissues 
tested, except that from intestine. Chromatography on columns of DEAE © 
cellulose and on carboxymethyl cellulose revealed differences even among the 
other tissue phosphatases. However, the chromatographic pattern of swine- 
kidney alkaline phosphatase is affected markedly by the method of isolation 
of the enzyme. Furthermore the chromatographic pattern of butanol-ex- 
tracted swine-kidney alkaline phosphatase changed upon aging, or upon incu-/ 
bation with kidney homogenate (Schlamowitz, unpublished data). The latter 
experiments raise the possibility that the obtaining of multiple chromato- 
graphic or electrophoretic variants of enzymes, sometimes called “isozymes,” 
from a single tissue may reflect the manner of treating the tissue or of isolat- 
ing the enzyme. 
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HETEROGENEITY OF LACTIC AND MALIC DEHYDROGENASE 
IN SERUM, CEREBROSPINAL FLUID, AND BRAIN 
EXTRACTS IN MAN AND SHEEP* 


A. Lowenthal, M. Van Sande, D. Karcher 


Neurochemical Research Laboratory, Neurological Department, 
Institut Bunge, Berchem-Antwerp, Belgium 


Recent research has drawn attention to the fact that many enzymes can be 
split by electrophoretic and chromatographic methods into several fractions. — 

It has been thus proved that the lactic acid dehydrogenase (LDH) contains 
five fractions. It has also been shown that the LDH content of the serum or 
the cerebrospinal fluid (CSF) might be increased in certain neurological dis- 
eases. We succeeded in applying the method of enzymoelectrophoresis, 
evolved by Wieme (1959), to neurological material. We believe it to be of 
interest to study the distribution of LDH in serum, CSF, and central nervous | 
system from neurological cases in man, as well as in animals. 

Previously we published the results obtained by this method for CSF. We 
shall not only review these findings but also give the first results obtained with 
the serum and especially stress the interesting possibilities offered by applying 
this technique to the study of the hydrosoluble proteins of the central nervous 
system. 


Methods 


The serum proteins have been first submitted to electrophoresis in agar 
(Wieme, 1959) and afterwards to the study of their enzymatic activity (Wieme, 
1959), for LDH and malic acid dehydrogenase (MDH). The substrate used — 
for the LDH is Na pyruvate and for MDH sodium oxalacetate. 

Serum was applied without further preparation, but the CSF had to be con- | 
centrated first. The method of concentration is carried out by ultrafiltration 
under 10 atmospheres of nitrogen, with the apparatus of the filter Membran 
Gesellschaft from Géttingen, West Germany. We used this apparatus for 
several years for the study of the CSF proteins, and we carried out several 
thousands of concentrations with this method. Two to 4 ml. of CSF are 
necessary. The concentration is effected at laboratory temperature and is 
completed within 2 hours. 

The hydrosoluble proteins of the central nervous system were extracted in 
an isotonic solution of saccharose. The mixture thus obtained, after having | 
been homogenized, was centrifuged at 14,000 g at a temperature of 0° C. The. 
supernatant fluid was then subjected to electrophoresis. ' 

For serum and CSF as well as for cerebral proteins we always assessed the 
content in total LDH before effecting enzymoelectrophoresis. 

For serum, CSF and cerebral extracts from sheep, we use the same technique. 

After enzymoelectrophoresis was completed, we established the relative con- 
centrations of the different enzymatic activity peaks. The relative mobility 


* The work described in this paper was partially supported by Grant B2316 from the 
Narvos Institute of Neurological Diseases and Blindness, Public Health Service, ae 
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; (m,) of each one of these fractions was calculated by comparison with the albu- 
min-siderophilin-dextran solution used as standard (Lowenthal e¢ al., 1960). 


Results 
In Man 


In most neurological cases serum appeared to give normal results. In mus- 
cular dystrophy, where total serum LDH and MDH are increased, the distribu- 
tion of the different fractions, their concentration and their m, are normal, the 
enzymatic curves are more easily obtained than with normal serum (FIGURE 1). 


A S M 


_ Ficure i. Lactic dehydrogenase and malic dehydrogenase enzymatic activity curves in 
serum of infantile muscular dystrophy. 


The Cerebrospinal Fluid 


_ Lactic dehydrogenase. In the CSF the LDH curves are more easily obtained 
‘than in the serum (FIGURE 2). For each of the identified fractions we have 
determined the concentrations and the m,. In the serum, the most important 
fraction is the second; in the CSF the first (TABLE 1). The m, of the different 
fractions are identical in serum and in CSF (TABLE 2). 

_ The m, of some of the CSF, LDH, and protein fractions are identical. This 
‘is particularly striking for the second fraction of the LDH and the a-2 globulin. 
‘On the other hand, some other fractions, more especially the first fraction of 
the LDH, the most important in the CSF, have m, which does not correspond 
‘with the m, of any particular protein. The presence of certain proteins in the 
‘CSF seems not to be detectable by the amido-schwarz. The enzymoelectro- 
horesis here enables one to bring to light the presence of unsuspected protein 


4 


fractions. . 
_ The m; of the different fractions of the LDH are extremely constant. We 
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Ficure 2. Lactic and malic dehydrogenase enzymatic activity curves in normal human 
cerebrospinal fluid. 


TABLE 1 


RELATIVE CONCENTRATIONS OF Lactic ACID 
DEHYDROGENASE Activity PEAKs* 


te I rt Ill IV Vv 
Serum (Wieme) 11 2ar2 47.5 18.5 (ies) Se 
No. of cases 11 11 td 8 7 :. 
CSF 74 38.5 30.0 24.3 71 Sn | 
No. of cases 74 74 73 42 24 . | 
; > = 
* Expressed in per cent. : 
TABLE 2 r 
RELATIVE Mosiities or Lactic Actin DEHYDROGENASE ACTIVITY PEAKS 
ne I II II Iv vg} 
Seram (Wieme) i 0.932 | 0.691 | 0.454 | 0.218 | 0.021 |. 
CSF 74 0.910 0.677 0.456 0.241 0.073 


Relative Mobilities of CSF Proteins (84 samples) 
1.262 1.005 0.878 0.819 0.682 0.653 0.472 0.348 0.225 0.142 0.055 


p ay ay a2 a,’ Bi E vn 2 ¥3 i 
| 4 
globulins 
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have been able to compare fluids of different origins, fluids which sometimes 
had been kept for very long periods of time, and we have always found the 
same m, for the different fractions of the LDH. 

Malic dehydrogenase. As we have studied the LDH, we have been able to 
study the MDH. Here the curve is equally easily obtained in the CSF (FIG- 
URE 2) but it is totally different from that of the LDH. Six fractions can be 
identified. The most important is the fourth (TABLE 3). A very rapid frac- 
tion migrates on the level of the prealbumines. The second and third fractions 
of the MDH have exactly the same m, as the first and second fractions of the 
LDH (taste 4). We wondered if this identity of m, corresponded to reality 


TABLE 3 


RELATIVE CONCENTRATIONS* AND RELATIVE MOBILITIES OF THE DIFFERENT 
Matic Actin DEHYDROGENASE Activity PEraks In 40 SAMPLES 


CSF I II Til IV Vv VI 
Per cent , i sal 1205 12.9 66.9 9.3 tee: 
No. of cases Bill 37 39 40 4 3 


an 1.067 0.905 0.681 0.404 | 0.255 0.029 


Relative Mobilities of CSF Proteins (84 samples) 
1.262 1.005 0.878 0.819 0.682 0.653 0.472 0.348 0.225 0.142 0.055 


p A ay ay ae ay” Bi s V1 ¥2 ¥3 


globulins 
* Expressed in per cent. 


TABLE 4 


RELATIVE MOBILITIES OF THE DIFFERENT LACTIC AND Matic AcIpD 
DEHYDROGENASE ACTIVITY PEAKS IN THE CEREBROSPINAL FLUID 


0.677 
0.681 


0.910 0.456 


0.905 


LDH 
MDH 1.067 


0.241 0.073 
0.404 0.255 0.029 


or whether it might be due to an artifact. For more precision, we have re- 
placed the substrate used for determining the MDH activity (Na oxalacetate) 
by a mixture of asparginate and ketoglucerate, which produces in the pres- 
ence of transaminase, oxalacetate. We hope to avoid in this way a possible 
‘spontaneous decarboxylation of the oxalacetate into pyruvate, which could 
have been the explanation for the identity between the m, of the second and 
third fractions of the MDH and of the first and the second fractions of the 
“LDH. However, after thus producing the oxalacetate extemporaneously, we 
_get exactly the same curves, and the m, of the different fractions are similar 
to what we had registered previously. The identity between the m, of cer- 
tain fractions of the LDH and of the MDH therefore is not caused by an arti- 
fact, but by the fact that certain protein fractions may present several enzy- 
atic activities. é 
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It should be noted that some enzymatic fractions appear in areas where 
there are no proteins stained with amido-schwarz. This is especially true with 
the fourth fraction of the MDH. This represents about two thirds of the 
total activity of the MDH, and its m, is 0.401. At that level no protein frac- 
tion is found in the CSF. On the other hand, in the serum one finds at this 
level the B-2 globulin. The fraction which immediately follows the 6-1 globu- 
lin in the CSF has a m, of 0.348. Measuring the enzymatic activity by Wi- 
eme’s method in this way enables one to show that on the 0.401 level, there 
exists a protein fraction which cannot be demonstrated by amido-schwarz. 


Hydrosoluble Proteins of the Central Nervous System 


We have effected extractions of the proteins of the grey matter and white 
matter of the cerebral hemispheres. The curves are very easily obtained, all | 
the more a MDH and LDH enzymatic activity is very pronounced in brain 


tissue (100 times higher than in serum). After electrophoresis these extracts 


TABLE 5 


RELATIVE CONCENTRATIONS* OF THE DIFFERENT LAcTiIc AND Matic Acip 
DEHYDROGENASES IN BRAIN Extracts IN 15 SAMPLES 


LDH I Il Ill IV Vv VI 
LDH 
Grey matter 20.8 24.1 26.6 20.1 8.6 
White matter Zio 27.6 Zon 19.4 7.0 
MDH ; 
Grey matter 12.1 12.4 12.5 Son 7.0 4.0 
White matter 14.9 ara 12.0 50.5 8.9 See 


* Expressed in per cent. 1 

= 
do not permit demonstrating the proteins on agar gel. To obtain pherograms 
of the cerebral proteins, more concentrated solutions have to be used. In 
consequence we study the enzymatic activity of the extracts of cerebral pro 
teins on pherograms that cannot be stained by amido-schwarz. The curves 


thus obtained are nevertheless very well defined, and they resemble the curves — 
obtained for serum and CSF. The relative concentrations (TABLE 5) of “1 


different fractions are comparable to what one can observe in the serum, an 
we do not find, as in the CSF, a predominance of the first fraction of the LDH. © 
The m, (TABLE 6) for the different enzymatic fractions of the LDH and the | 


MDH are identical with those found in the serum and in the CSF. As in- 


the case of the serum and of the CSF, the enzymatic activities may indicate — 


here the presence of proteins, where the amido-schwarz does not give any 
indication. 4 
rf 

SHEEP : 
The same techniques can be used for the study of the proteins of the serum. 
CSF, and cerebral extracts in sheep. The results (TABLE 6) allow the follow 


ing comments: (1) the general appearance of the curves for LDH and | 


1 
1 
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MDH is similar to what one observes in man (FIGURE 3); and (2) the m, values 
are considerably different but show similar characteristics as in man: (a) some 
of the fractions of enzymatic activity appear in areas where there are no pro- 
teins stained with amido-schwarz; (b) some of the m, are identical for LDH 


TABLE 6 


RELATIVE MOBILITIES OF THE DIFFERENT Lactic AND Matic Acip 
DEHYDROGENASE ACTIVITY PEAKS IN BRAIN EXTRACTS 


Number I II Ill IV V VI 

LDH 

Grey matter 15 0.881 0.665 0.468 0.239 0.044 

White matter 15 0.890 0.672 0.461 0.233 0.044 

CSF 74 0.910 0.677 0.456 0.241 0.073 

Serum 11 0.932 0.691 0.454 0.218 0.021 
MDH 

Grey matter 15 1.073 0.908 0.666 0.392 0.227 0.049 

White matter 15 1.028 0.895 0.663 0.404 0.255 0.092 

CSF 40 1.067 0.905 0.681 0.404 0.255 0.029 
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Ficure 3, Lactic and malic dehydrogenase enzymatic activity curves in sheep brain 
extracts. 


_and MDH; and (c) the m, of the different fractions are extremely constant in 
_ the various media which have been studied. 

_ When comparing the m, of the different enzymatic fractions in biological 
‘material originating from sheep to the enzymatic activities in biological ma- 
i terial originating from man, one finds that the places occupied in the phero- 
gram are different. The m, of the albumin in the two species ate rather near 


one another, but the m, of the enzymatic activities are very different. Gen- 


994 Annals New York Academy of Sciences 


erally the enzymatic fractions in man are identified in an area nearer to the 
albumin than in sheep. 


Discussion 


As a rule, our results have been obtained from material originating from 
normal subjects. A few pathological cases have been studied. The CSF and 
the cerebral extracts until now hardly show any modifications in the patho- 
logical cases which we have been able to follow. 

The comparison between normal and pathological material has been disap- 
pointing, but we have nevertheless been able to come to some conclusions: 

(1) In the different media under study, the enzymatic activities that have 
been followed are all heterogeneous and are so in a similar way. The curve of 


enzymoelectrophoresis of the LDH or of the MDH stays the same, whether — 


we study serum, CSF or cerebral extracts. The heterogeneousness of these 
different fractions seem to be a general rule of which we do not yet know the 
significance. 

(2) Although we are convinced that enzymatic activity is always linked to a 
protein, we must recognize that in certain cases enzymatic activity is demon- 
strated in the pherogram at levels where we do not find protein fractions 
stained with amido-schwarz. This means that enzymatic activity can be a 
more sensitive reaction than the amido-schwarz staining for the presence of 
proteins. 

(3) Certain protein fractions may present several enzymatic activities and 
especially the a-2 globulin fraction may at the same time present the activities 
of LDH and MDH. 


(4) The relative concentrations of the various fractions can differ according 


to the media under study. In the CSF the first LDH fraction is the most im- | 


portant; in the serum, the second. This might suggest that the first fraction 
must also be the most important in the cerebral proteins. We have not been — 
able to confirm this hypothesis and, in fact, our enzymoelectropherograms of 
cerebral extracts for the white matter, as well as for the grey matter, are simi- 
lar to the enzymoelectropherograms of the serum. 
(5) Measuring the m, seems to us to be of the highest importance in enzymo- 
electrophoresis. It makes it possible to show how constant the electropho- 
retic migration is in the different enzymes which we have studied. It seems 


to resist not only the conservation and the aging of the enzymes, but also — 


most of the pathological manifestations in the neurological material that we 


have been able to study. On the other hand, between one species and the | 
other, more particularly when comparing human material with material origi- 


nating from sheep, we find extremely important modifications of the m,. 


There is also a fact to be stressed: the m, vary from one species to the other, _ 


but the order of succession of the fractions stays the same. Therefore, the m, 
can be an important indicator for the identification of the different fractions. — 


Conclusions 


a 

{ 

The research we have been able to do in the serum, the CSF, and the cere-. 
bral extracts on hydrosoluble proteins originating from human species as we 


| 
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as from sheep has enabled us to confirm the heterogeneousness of the dehy- 
drogenases of the lactic and malic acid. It has also made it possible to show 
the importance of measuring the mobility rate of each one of these fractions 
for purposes of identification. We believe the method that has been used 
should be applied to other enzymatic activities and to other biological mate- 


rial. We believe that this method could yield interesting information and 


that, more especially, the measuring of the mobility rate provides a useful 
index for the demonstration of the existence of these different fractions. 
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SEROLOGICAL DIFFERENTIATION OF AMYLASE ISOZYMES* 


é 


Robert L. McGeachin and James M. Reynolds 


Department of Biochemistry, University of Louisville 
School of Medicine, Louisville, Ky. 


From the work of previous investigators with such enzymes as lactic dehy- 
drogenase,!* alkaline phosphatase,** and phosphorylase,® it is evident that 
one may differentiate certain isozymes (multiple molecular forms of an enzyme) 
by the use of antisera to one or more of the isozymes. If one of the isozymes 
is inhibited or precipitated by a given antiserum and another is not inhibited 
or precipitated (or is inhibited to a greater or lesser degree), then one may say 


unequivocally that the two isozymes are structurally, as well as immunologi- _ 


cally, different. On the other hand, if two isozymes are inhibited or precipi- 
tated equally by a given antiserum, one can say only that they may be identi- 
cal, although in such a situation the isozymes are certainly similar. Using 
the Ouchterlony technique, Li showed that human and monkey growth hor- 
mones are immunologically identical,’ although his earlier chemical studies® 
on the two hormones showed that they differed somewhat in structure. 
Formation of antibodies to malt B-amylase® and microbial amylases? had 
been reported. We were interested in relationships among mammalian amyl- 
ases, however, and used hog pancreatic amylase (HPA) and human salivary 


amylase (HSA) as antigens. Antisera to HPA were formed in the rabbit,” — 


rooster,” and the rat, and antisera to HSA in the rabbit. By use of these 
antisera we have studied the relationships of the amylases of the different 
organs of a given species and also the relationships of amylases of a given 


organ of different species. 
Experimental 


Production of antibodies. The antigens used" were crystalline hog pancreatic 
amylase} and purified human salivary amylase prepared from pooled fresh 


human saliva by the method of Meyer et al. The animals to be injected were’ 
first bled weekly to obtain normal sera, which was preserved by freezing at 


—18° C. The amylase, in aqueous solution or suspension was emulsified with 
Freund’s adjuvants,!> light mineral oil and Arlacel A, omitting the heat-killed 
bacteria in most of the cases. For rabbits and roosters, the initial injections 
in adjuvants contained 20 to 30 mg. of amylase given intradermally, and suc- 


cessive injections at 10 to 14 day intervals contained 10 mg. of amylase in 
aqueous solution. For rats, the initial injection was 10 mg. and successive. 
doses, 5 mg. each. Blood samples were obtained from each animal before | 


each injection, and the amylase-inhibiting capacity of each antiserum was 


determined. Maximum amylase-inhibiting antibody levels were usually ob- 
tained after three or four injections. 


*The work described in this article was supported by Research Grants C-2601 ; 
C2, A-2610, C1 and C2 from the National Cancer Institute and the National Institute : 
Arthritis and Metabolic Diseases, Public Health Service, Bethesda, Md. 

t Obtained from the Worthington Biochemical Corporation, New York, N.Y. 
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Demonstration of amylase antibodies. Equal volumes of the amylase-con- 
taining solutions and diluted antisera (1:20 or 1:100 dilutions in 0.9 per cent 
NaCl) were mixed and allowed to stand for 40 min. to insure maximal inhibi- 
tion of the amylase. The amylase-containing solutions were dilutions of the 
original antigen, sera, urine, saliva, or homogenized tissues with 0.9 per cent 
NaCl, adjusted so that they contained the same amount of amylase (0.1 to 
0.2 amylase units per ml.). One ml. aliquots of the mixtures were then used 
to determine the amylase activities. In each case, control experiments were 
run using diluted normal rabbit serum obtained from the same rabbit whose 
antiserum was being tested, and the activity of the amylase being tested was 
determined in this mixture. With the activities of the amylase-containing 
solutions determined in the presence of normal rabbit serum and the endoge- 
nous amylase activity of the rabbit antiserum, each determined separately, 
it was possible to calculate the inhibition of the amylase being tested. 

The presence of amylase antibodies in rabbit antisera to both HPA and 
HSA was demonstrated by using Oudin’s method'® of layering a solution of 
the antigen on top of agar-antiserum gels. 

Analytical methods. Amylase analyses of HPA and HSA, the normal and 
immune sera, and the other tissues and body fluids used were carried out as 
previously described” with Van Loon’s amyloclastic method.!® 

Sources of amylases. The sources of HPA and HSA have already been 
described. Extracts containing amylases were prepared from the appropriate 
organs by homogenizing with cold (5°) 0.9 per cent NaCl as previously de- 
scribed.” Serum, urine, and other fluids used were diluted appropriately 
with 0.9 per cent NaCl. 


Results 


_ We have been able to produce amylase-inhibiting antibodies to HPA in 
‘the rabbit, rooster, and rat and to HSA in the rabbit. Attempts to produce 
‘antibodies to HSA in the rat were unsuccessful. In all cases, only a few in- 
jections were given in order to avoid the possibility that the antisera might 
become less specific with additional injections.'® Also with the rooster and the 
rat, it was found that after several injections, the amylase-inhibiting capacity 
of the antisera began to decrease. In these cases, those antisera with maximum 
titers were used in succeeding experiments. The levels obtained in each case 
are found in the various tables. With normal sera from the various species, no 
inhibition of either of the antigens or other amylases tested was noted. 

The rate of reaction of antigen with antibody was apparently not as rapid 
‘as indicated in some cases. After we had experienced some unexplained 
variations in preliminary trials, investigation (raBLE 1) showed that at least 
30 to 40 min. at room temperature were necessary for complete reaction be- 
fore adding the antigen-antibody mixture to the starch substrate. 
~ In all animals whose amylases were affected by the various antisera, it was 
seen that whereas the pancreatic and salivary amylases of a given species were 
inhibited quite strongly by the appropriate antisera, the liver amylase was 
not inhibited significantly (raBLES 2, 3, 4, and 5). This includes the several 
a 
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cases where certain amylases were inhibited by heterologous antisera. Con- - 
trol experiments with ternary systems of pancreatic amylase, liver amylase, | 
antiserum and serum amylase, liver amylase, and antiserum showed that the : 
pancreatic and serum amylases were inhibited equally as much in the presence : 
as in the absence of liver extract. Thus the lack of inhibition of liver amylase ; 
was not due to interference by other liver proteins. Serum amylases were : 


TABLE 1* 


CHANGE IN INHIBITION OF HoG PANCREATIC AMYLASE 
witH TIME OF REACTION WITH ANTISERUM 


Inhibition 
Dilution of antiserum 
Time 
(min.) 
1:20 1:100 
(%) (%) 
0 25 9 
20 87 58 
40 96 78 : 
60 96 81 
80 94 86 
100 94 85 


* Reproduced by permission of the Journal of Biological Chemistry.“ 


TABLE 2* 
INHIBITION OF AMYLASES BY RABBIT ANTISERA TO HoG PANCREATIC AMYLASE 


Hog Dog Rat t 
Amylase from Dilution of antiserum : 
1:20 1: 100 1:20 1:100 1 1: 100 
(%) (%) (%) (%) (%) (%) @ 
Pancreas 95 91 38 8 9 5 4 
Saliva 95 a “4 = 5 28 
Serum 93 75 35 13 4 3 et 
Liver 4 1 13 8 3 5 @ 
Kidney 70 35 22 15 5 6 
Spleen 93 70 66 39 24 is § 
4 7 
* Reproduced by permission of the Journal of Biological Chemistry. F 
| 
TABLE 3* ; 
q 


INHIBITION OF AMYLASES BY ROOSTER ANTISERA TO HoG PANCREATIC AMYLASE 


Per cent inhibition at 1:20 dilution of antisera { 

Amylase from 
Hog Dog Rat | 
Pancreas 72 8 48 
Serum 30 18 0 ; 
Liver 6 16 5 1 


* Reproduced by permission of the Biochimica et Biophysica Acta.) 


BAN 


McGeachin & Reynolds: Amylase Isozymes 999 


‘significantly inhibited by homologous antisera, but in all cases this inhibition 
was less than that of the corresponding pancreatic or salivary amylase. How- 
ever (TABLE 6), when sera were obtained from human subjects with pancreati- 
tis, the amylase of these sera was inhibited 73 per cent, substantially the same 
inhibition found for human pancreatic and salivary amylases. 


TABLE 4 
INHIBITION OF AMYLASES By RAT ANTISERA TO Hoc PANCREATIC AMYLASE 


Per cent inhibition at 1:100 dilution of antisera 
Amylase from 
3 Hog Man Monkey Dog Rabbit 
Pancreas 68 2 1 3 29 
Saliva 60 0 ff — —- 
Serum 50 13 8 2 12 
Liver 4 7 0 0 3 
Urine — 0 — = Be 
TABLE 5 


INHIBITION OF AMYLASES BY RABBIT ANTISERA TO HUMAN SALIVARY AMYLASE 


Per cent inhibition at 1:20 dilution of antisera 


Amylase from 

Man Monkey Chimpanzee Hog Rat 
Pancreas 75 75 — 1 63 
Saliva 78 77 75 — 16 
Serum 45 60 _— 0 0 
Urine 50 — = as — 
Liver 7 0 — 3 0 
Fallopian tube cyst 82 “ = = pas 

TABLE 6 


COMPARISON OF AMYLASES IN NORMAL AND PANCREATITIS HUMAN SERA 


Per cent inhibition at 1:20 dilution of 


Amylase from human antisera 


Pancreas 75 
Saliva 78 
Normal serum 45 
Pancreatitis serum 73 


In man, the inhibitions of the serum and urinary amylases were essentially 
equal. These data support the assumption that the amylase found in the 
urine had filtered through the glomeruli from the plasma.?° 

We had expected that monkey (Rhesus) and chimpanzee amylases would be 
inhibited by the antisera to HSA but to a lesser degree than the corresponding 
human enzymes. Thus it was surprising to find that human, chimpanzee, 
and monkey salivary amylases and human and monkey pancreatic amylases 
were inhibited equally strongly (TABLE 5). 


b 
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It was also surprising to find such marked inhibition of rat pancreatic amyl- - 
ase by the antisera to HSA and yet only slight inhibition of rat salivary amyl- - 
ase. This case was an exception to the general finding that the pancreatic ° 
and salivary amylases of a given species were inhibited equally. 

The presence of antibodies in antisera to both HPA and HSA was demon- - 
strated by precipitin reactions using Oudin’s method although the reaction | 
could not be demonstrated in liquid media. In the various dilutions of anti- - 
sera and antigens,” only a single band of precipitate was seen where a reaction | 
was noted. In all controls with antigens and normal sera, no precipitate was ; 
seen at any of the dilutions used. 


Discussion 


We have demonstrated that hog pancreatic and human salivary amylases \ 
are antigenic and that the antibodies formed have amylase-inhibiting proper- | 
ties. These findings are in contrast to those with antibodies to dog phospha- 
tases! where the antigen-antibody complexes were enzymatically active. This | 
indicates that the enzymatic site in the amylases is part of or located close to 
the antigenic site on the amylases and has been blocked or covered by the 
large antibody molecules. 

In most cases, the pancreatic and salivary amylases of a given species were 
immunologically identical and therefore possibly also structurally identical. 
The liver amylases in all cases however, were immunologically, and there- 
fore structurally, different from their corresponding pancreatic and salivary 
amylases. It was also evident that the amylase found in the normal serum 
of any species is derived at least partially from some source other than the | 
pancreas or salivary glands, a conclusion previously reached for rats from data 
on pancreatectomized-salivarectomized rats.” ] 

It has been assumed for years that the increase in serum amylase during 
pancreatitis is due to the liberation of pancreatic amylase into the blood. The 
data in TABLE 6 seem to substantiate this assumption since the added amylase 
is immunologically similar to pancreatic amylase. ; 

One of the advantages of the immunological technique in differentiating 
amylase isozymes is that one can obtain useful information without having to 
purify all the amylases used. Since the reaction between antigen and antibody 
is specific and is not usually affected by extraneous protein, one can test the 
antisera obtained on unpurified preparations of the enzymes. It has been 
demonstrated that the inhibition of lactic dehydrogenases from rabbit organs _ 
by antirabbit muscle lactic dehydrogenase?* was essentially the same for un- 
purified organ extracts as for the corresponding purified enzymes. We have 
obtained similar results with both HPA and HSA. 
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Discussion of the Paper 


A. SamuEts (Department of Pathology, Dartmouth Medical School, Hanover, 


‘N.H..): McGeachin seems to suggest that there may be immunologic identity 
between the organ amylases of different species, based on his evidence that the 
pancreatic amylases from different species were inhibited to the same extent 
(almost completely) by an excess of antiserum to one of the species. I, feel 
that this procedure would mask the differences between cross-reacting proteins, 

‘and that the more sensitive method of titrating the enzymes with the antisera 

and if possible determining a binding constant would be a more acceptable 

process of determining similarities or differences. 
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Ficure 1a. Differential inhibition of normal and denervated gastrocnemial-muscle 
adenylic-acid deaminase by diluted antiserum. Constant amounts of enzyme and increasing 
amounts of antisera were incubated at 37° C. for 1 to 3 hours in 0.3 ml. of 0.5 MK] or KCL- - 
PO, buffer (T/2 = 0.54, pH 6.3). An amount of 0.8 ml. KCl-succinate buffer (#H_ 5.9) con- - 
taining 1.5 mg. adenylic acid was then added, and the reaction stopped with TCA at the end | 
of 5 min. The NH; liberated was determined by nesslerization. 
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As an example of what is meant by the titration of the enzyme by cross- 
reacting antisera and asa presentation of another molecular form that enzymes 
may take, I present figures that depict the inhibition of 5’-adenylic acid de- 
aminase from normal skeletal muscle of the chicken and a preparation derived 
from denervated muscle (contralateral) by antibody made to deaminase from 
normal chicken skeletal muscle in rabbits. F1cuRE 1a@ shows the linear course 
of inhibition obtained with diluted antisera when the enzyme is inhibited only 
50 per cent by the antibody. The enzyme of the normal muscle is inhibited to 
a greater extent by the antibody than the enzyme prepared from denervated 
muscle. The inhibition of the enzyme is linear up to 50 per cent inhibition, 
then curves sharply as 100 per cent inhibition is approached.* The curves in 
FIGURE 10 (here plotted as per cent inhibition) show the data obtained when 
the antiserum is used in more concentrated form. Straight lines may be ob- 
tained if, instead of plotting the per cent inhibition versus milliliter of anti- 
serum, the per cent inhibition (bound enzyme) versus per cent inhibition/ 
milliliter antiserum is plotted. Algebraic manipulation shows that the slopes 
of these lines are inversely proportional to the binding constant between the 
enzyme and antibody. Here again it is seen that the enzyme from a chicken 
gastrocnemial muscle, denervated for four weeks has much less affinity for the 

antibody made to normal muscle adenylic acid deaminase. 


*SamueEts, A. 1961. Arch. Biochem. Biophys. 92: 497. 


IMMUNOCHEMICAL ANALYSIS OF THE MULTIPLE ~ 
FORMS OF BOVINE RIBONUCLEASE 


B. G. Carter, B. Cinader, C. A. Ross* 


Department of Medical Biophysics, University of Toronto, and Division 
of Biology, Ontario Cancer Institute, Toronto, Ont., Canada 


Introduction 


The realization that crystallized bovine pancreatic ribonuclease was not a 
single protein was perhaps the final blow to the belief that crystallization of a 
protein constituted a criterion of homogeneity. The crystallized enzyme was 
shown to be resolvable into several components by partition and ion exchange 
chromatography.!2* This heterogeneity remained undetected in experi- 
ments based on free electrophoresis,**"> but was apparent in zone electrophore- 
sis. As a result of this heterogeneity, enzyme activity did not reside in one: 
fraction only, but was clearly attributable to two fractions, designated ribo- 
nuclease A and B. A third and minor component with ribonuclease activity | 
was also detected. More recently, it has been found that ribonuclease B can 
be separated by chromatography on carboxymethyl] cellulose into two com- 
ponents and that crystallized ribonuclease contains, in addition to the proteins, , 
a component which is not a protein and which may be a nucleotide.® Thus, , 
three to four protein fractions® with ribonuclease activity can be separated by’ 
chromatography, at present. The principal component is ribonuclease A; ; 
a second component, ribonuclease B, may contribute 10 to 50 per cent of the: 
total protein but may itself consist of two components. One or two other: 
components of ribonuclease are present in small quantities. 

That this multiplicity of ribonucleases extracted from the bovine pancreas : 
is not a unique property of the bovine enzyme, became evident by the isola- - 
tion of eight ribonucleases from the pancreas of the sheep.® | 

As soon as the heterogeneity of crystallized ribonuclease was observed, the | 
possibility was considered that it was a result of the purification procedures | 
which involved exposure to 0.25 M H2SO, and heating to 100° C.,7 and it was 
demonstrated that the principal components of ribonuclease are, in all proba- 
bility, already present in the original pancreatic material.1:2+% 

The chemical differences between the different ribonucleases are not yet 
established; it has been proposed that ribonuclease A and B differ in one 
their carboxylic groups and that this is the only difference in their respective 
amino acid composition;* some differences in enzyme action have also been 
claimed. Some of the ribonucleases separated on carboxymethyl cellulose 
may be identical in primary structure and may differ only in their secondary 


and tertiary structures.!° 
Six Components of Ribonuclease Demonstrable by Immunoelectrophoresis 


The immunochemical analysis of crystallized ribonuclease, carried out by 
double diffusion in agar, reveals the presence of one and the same antigen in 


* Present address: Department of Biochemistry, The London Hospital Medical College, 
London, England. 4 
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tigen unrelated to ribonuclease in bovine pancreatic 
bovine pancreatic ribonuclease (Armour 381-059) on 
fter double diffusion of chromatographic 
resence of an antigen 
f Amberlite IRC-SO. 


Ficure 1. Demonstration of an an 
ribonuclease. (a) Chromatography? of 


Amberlite IRC-50 (XE 64). (0) Interaction in agar a 
fractions of ribonuclease (a) and ribonuclease antiserum showing the p 


unrelated to ribonuclease in the first fraction eluted from the column o 
Key: t = tube number. 
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all the fractions of ribonuclease as well as the presence of a second “independ- - 
ent” antigen in the first fraction of ribonuclease eluted by chromatography / 
on Amberlite columns at pH 6.45" (FicuRE 1). Electrophoresis in agarf 
gels of the crystallized material, followed by diffusion of antibody from} 
channels parallel to the direction of electrophoretic migration,” showed a 
continuous zone with two maxima. The “independent” antigen appeared as a | 
component with a mobility close to that of the slower of the two antigenically 7 
identical components"! (FIGURE 2). 


* 


tve Crystallized ribonuclease (Armour 38I-59) —ve 


oe 
H = 
> 


Crystallized ribonuclease (89/4) 


Ficure 2. Electrophoresis in agar of bovine pancreatic ribonuclease (Armour 381-059 
and ribonuclease 89/4) showing (for ribonuclease 89/4) the presence of an antigen unrelated 
to ribonuclease and the migration of ribonuclease with two different mobilities. The median 
channel, containing the antiserum, was at the top of each of these two photographs. Thé 
direction of electrophoresis of all the components is towards the anode; endosmosis in the 
opposite direction retards or reverses the actual displacement of components. The compo- 


nent nearest the anode has the highest mobility; the component nearest the cathode has the 
lowest mobility. 


The “independent” antigen can be separated by stepwise elution of crystal- 
lized ribonuclease from carboxymethyl cellulose (0.005 M Tris buffer, pH 8.0) 
and can thus be prepared virtually free of ribonuclease. In addition, a second: 
component of the “independent” antigen, indistinguishable from the first by 
double diffusion or by electrophoresis in agar, appears on elution with the 
same buffer containing 0.054 M NaCl, and may be partly responsible for the 
complexity of the ribonuclease B revealed by this technique (FIGURE 3; see 
also FIGURE 11). 

The two enzyme components, migrating with different mobilities, but being 
apparently antigenically identical, can be correlated with components identi- 
fied by chromatographic elution. It is difficult to prepare ribonuclease B 
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free from ribonuclease A. Fortunately, a preparation of ribonuclease (Ar- 
mour 381-062) was available which contained a large proportion of ribonuclease 
B and from which preparations of ribonucleases A and B could be separated 
which did not contain detectable amounts of ribonuclease B or A respectively. 
Immunoelectrophoresis of these two preparations showed that ribonuclease A 
was the faster migrating component and that ribonuclease B migrated more 
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Ficure 3, “Independent” antigen purified by chromatography on carboxymethy] cellu- 
lose (stepwise elution). Fractionation of ribonuclease is shown in FIGURE 11 (1b) where the 
tube numbers indicated in this figure are marked on the chromatogram. ‘Two chromato- 
graphic components of the independent antigen are demonstrated by double diffusion. One 
of these components is eluted in a high state of purity (t 31), the other is eluted together with 
ribonuclease B (t 114-116, t 122-124). (a) Double diffusion (diffusion of antigens, t 31, t 
114-116, t 122-124, t 210, t 228) against ribonuclease antibody. (b) Electrophoresis in agar 
(t 31) followed by diffusion of antibody from channels parallel to the direction of the current. 
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slowly (FIGURE 4). While in this experiment ribonuclease A migrated as a 
single component, ribonuclease B (FicuREs 3 and 4) showed some heterogeneity 
in that it seemed to contain a component antigenically identical with ribo- 
nuclease B, which had a mobility intermediate between A and B. In another 


CHROMATOGRAPHY OF CRYSTALLIZED RIBONUCLEASE (Armour(38!-062) 
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Ficure 4. The immunoelectrophoresis of ribonucleases A and B. The direction of elec- 
trophoresis of all the components is towards the anode; endosmosis in the opposite direction 
retards or reverses the actual displacement of components. ‘The component nearest the anode 
has the highest mobility; the component nearest the cathode has the lowest mobility. (a) 
Ribonucleases A and B were prepared from crystallized ribonuclease (Armour 381-062) by 
chromatography on Amberlite IRC-50 (XE 64). (6) Ribonuclease A (lower part of photo- 
graph) and B (upper part of photograph) were subjected to electrophoresis in agar (glycine 
buffer pH 8.4), subsequently, ribonuclease antiserum was allowed to diffuse into the agar 
from channels parallel to the direction of electrophoresis. 


preparation of ribonuclease A, a molecular species was found that appeared to 
be immunologically identical with ribonuclease A but which migrated with a 
mobility lower than that of ribonuclease A (FIGURE 5). This molecule had a 
somewhat greater mobility than the faster component of ribonuclease B already 
described (FIGURE 4). It was eluted from Amberlite resin after B and before 
the peak of A had been eluted, as may be seen by immunoelectrophoresis of sam- 
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ples taken at different stages during the elution of ribonuclease A (FIGURE 5). . 
Thus four constituents of ribonuclease can be distinguished by immunoelectro- - 
phoresis of fractions of ribonuclease; only the two principal components could | 
be demonstrated in all unfractionated preparations. A fifth component was ; 
observed in several unfractionated preparations of crystallized ribonuclease, , 
but could be demonstrated only if relatively high concentrations of crystallized l 
ribonuclease were subjected to electrophoresis. This component, shown in} 
FIGURE 6, migrated with a mobility greater than ribonuclease A. 

We had thus observed a total of five components of ribonuclease which, , 
by double diffusion in agar, appeared to be identical but which showed different ; 
mobilities on electrophoresis in agar at pH 8.414 Furthermore, the presence of ' 
an antigenic component has already been mentioned which is not a ribonuclease. 


Crystallized ribonuclease Period of development 


i 


2 DAYS 
Crude fraction of ribonuclease A § 
+ ve ee. — ve } 
Crystallized ribonuclease 
4 DAYS 


ila Crude fraction of ribonuclease A — 


FicurE 6. A component of ribonuclease with mobility greater than ribonuclease A. 
Crystallized ribonuclease (Sigma R50B-095) and a crude fraction of ribonuclease A were | 
subjected to electrophoresis in agar (glycine buffer pH 8.4).* Subsequently ribonuclease 
antiserum was allowed to diffuse into the agar from channels parallel to the direction of 
electrophoresis. After 2 days of development ribonuclease A and B had formed zones of pre- : 
cipitation. A zone of precipitation appeared after 3 to 4 days indicating the presence of a fast : 


componentinthecrystallized preparation. This component was not present in the crude frac- 
tion of ribonuclease A. 


ee 


: 
The complexity of the enzyme preparations was, therefore, shown to be some- 
what greater than that revealed by chromatography. 

In addition to the components thus far described, some other components | 
can be observed in preparations freeze-dried and stored at room temperature 
for long periods. The existence of these components is doubtlessly the out- 
come of denaturation. In immunoelectrophoresis their presence is revealed 
by the appearance of diffuse asymmetrical zones in place of the sharp distinct | 
zones. The maxima of these diffuse zones cannot be accurately localized. 
The chromatography on Amberlite of such preparations (a preparation of 
denatured ribonuclease A and of a denatured preparation of crystallized ribo- 
nuclease) shows fractions not seen in enzyme preparations stored in the cold 
and in vacuo (FIGURE 7). A large proportion of the protein is eluted very 
quickly and has no detectable enzyme activity (1), a second fraction (ID) of 
slightly higher activity is finally followed by a fraction (III), which resembles 


ribonuclease A in its elution characteristics (FIGURE ii, iii) and specific activ- 
e 
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“ity, but which can be shown by mixing the denatured preparation with native 
ribonuclease A (FIGURE 7i) to be eluted from Amberlite sooner than is native 
ribonuclease A (FIGURE 7iv). 

The multiple forms of native bovine pancreatic ribonuclease thus far de- 
scribed, have been distinguished by their relative electrophoretic mobility. 
If the ribonucleases were compared by double diffusion of antigen and antibody 
in agar (FIGURE 1) they seemed to be identical. Double diffusion is not a 
very discriminating method of distinguishing between molecules that show 
very slight differences. We know, from earlier model experiments that ribo- 
nuclease and azo-ribonuclease, which differ by the introduction of only 7 
groups of azo-para-amino sulphonic acid, give a reaction of identity if exam- 
ined by double diffusion in agar. As many as 18 groups of para-amino sul- 
phonic acid have to be introduced into ribonuclease before a distinct reaction 
of partial identity can be seen. In this particular situation, the quantitative 
precipitin assay proved a much more sensitive method in that it did show 
differences between native ribonuclease and azo-ribonuclease, containing 7 
azo groups.!® 


The Quantitative Precipitin Reaction with Ribonuclease A 


In examining the reaction between ribonuclease A and ribonuclease anti- 
sera,’ it was first observed that antigen and antibody seemed to coexist in 
supernatants throughout the range of excess antibody. This phenomenon 
was not detected if the supernatant from the precipitates of antigen and anti- 
body were examined by the usual precipitation test, but was observed when 
the supernatants were assayed by measurement of enzyme activity and by 
agglutination of tanned erythrocytes sensitized with ribonuclease A. One 
ribonuclease-antiserum, however, reacted with ribonuclease A in antibody 
excess with complete precipitation of antigen; it gave an equivalence zone 
and could be used to determine the ratios between antigen and antibody in the 
precipitates separated from mixtures of different initial composition. The re- 
sults of experiments with this serum are given in TABLES 1 and 2. 

Before further quantitative aspects of the interaction of ribonuclease with 
antibody can be considered, some mention must be made of the difficulty of 
estimating the total amount of antibody in any given precipitate. Such 
estimates are based on the assumption that the precipitate of antigen and anti- 
body in the zone of antibody excess contains all the antigen that was present 
in the original mixture. This assumption is clearly incorrect with respect to 
all ribonuclease antisera under examination. Nevertheless this assumption is 
being made in all estimates of the total antibody removed. These estimates 
are therefore always only approximate, but since it has been shown (see TABLES 
1 and 2) that the antigen content of the precipitates in the relevant part of 
the zone of antibody excess is between 3 and 5 per cent, the error caused by 


this procedure will not be very great. 


The Differences Between Ribonucleases A and B Revealed by Precipitin: Test 


The amount of total N precipitated from mixtures of antibody with ribo- 
nuclease A and from mixtures with ribonuclease B were compared. The two 
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antigens are found either to precipitate the same amount of antibody or, less 
frequently, the amount of antibody precipitated by ribonuclease A was about 
5 to 15 per cent greater than the amount of antibody precipitated by ribo- 
nuclease B!' (ricuRE 8). This difference could be very greatly increased if 
the two antigens were allowed to interact with antisera from which part of 
the antibody had been previously removed by the addition of ribonuclease A. 
The residual antibody gave a much larger precipitate with ribonuclease A 
than it did with ribonuclease B (FIGURE 9). As can be seen from FIGURE 9 the 


TABLE 1 
. PRECIPITATION OF RIBONUCLEASE A By RABBIT ANTIBODY 


Addition of Increasing Amounts of Ribonuclease to 0.05 ml. 
of Serum 619. Rn = Ribonuclease A 


Molecular ratio® Tests on supernatant 
es to 
antigen) in: A ‘ 
ee jt aa Ratio antibo dy Antigen Antibody 
precipitated Nvin precipitate Hazne 
Precipi- | Super- | Floccu- | 2¢tivity . | Aggluti- 
tate pape jation ee ree erie 
3 ml. 

1.0 34.4 33.4 2.86 = 4 

AY) 66.8 32.6 2.79 a = = 4 200 
05: 101.0 SPAa Il! 2.74 a — — + 200 
3.95 118.9 29.1 2.49 — = — + 200 
4.9 135.2 26.4 2.26 — = =F 50 
aS] 148.2 24.0 2.05 = = — = 50 
7.4 177.6 22.9 1.96 = = = = 10 
8.9 185.7 19.9 1.70 = = — = 1 
9.8 191.4 18.5 1.58 a — — == 1 
10.2 188.4 Arsh eS = + 0.5 — 1 
ee 138.5 15.9 1.36 | 0.87 i 3.8 = 1 
1e3 106.4 16.7 1.43 0.75 + Chg? a 1 
1703 83.5 17.8 1252 0.71 + 10.2 a 1 
19.3 69.2 17.0 1.45 0.65 + 1326 — 1 


* Calculated assuming identical N content for ribonuclease and antibody, a molecular 
weight 13,680 for ribonuclease (Hirs ef a/.2°) and of 160,000 for rabbit antibody. 


difference in the amounts of antibody precipitated is considerable and well 
outside the limits of experimental error. 


< 

FicurEe 7. The chromatographic separation of a preparation of denatured ribonuclease A 
and a denatured preparation of crystallized ribonuclease on Amberlite IRC-50 (XE 64). Ac- 
tivity of ribonuclease was determined by allowing samples of the enzyme to act for 10 min. 
on yeast ribose nucleic acid; uranyl acetate was then added to the system, the resulting pre- 
cipitate separated by centrifugation, and the absorbence of the supernatant at 260 my was 
Dotted in arbitrary units of activity. (a) The rechromatography of native ribonuclease A. 
(b) The chromatography of denatured crystallized ribonuclease. (c) The chromatography of 
denatured ribonuclease A. (d) The chromatography of a mixture of denatured ribonuclease 
A with native ribonuclease A showing the appearance of a shoulder on the last chromato- 
onent and hence a difference in the chromatographic behavior between the last 


_ graphic comp : 
- component of denatured ribonuclease A to be eluted from Amberlite IRC-50 (XE 64) and of 
native ribonuclease A. Key: ——, absorbence at 280 my; ----- , enzyme activity in arbitrary 
units. 


1014 Annals New York Academy of Sciences 


TABLE 2 


MoLeEcuLAR RATIO (RABBIT ANTIBODY/RIBONUCLEASE A) 
IN REGION OF ANTIGEN Excess: SERUM 619 


Rn = Ribonuclease A 


. Antibody 
Vol. anti- | Total N N rit ‘ Moleculat 
N qe ry * precip Rn N ecular 
adiedto| Tote! | Sih’ | added to | ‘from |, tated | Bercent | “entire | Rn N in| 2aHo08 
aici oe! Soe | supers | super, | gpetvis|"SGled | dnd pow | SUPE, | PP | antigen 
(ml.) natant matant : 
32.6 | 602.7 11.0 | 0.028 9.0 et PARE 0.4 32.3 4351 
42.4 | 443.1 | 180.4 | 0.12 350.2 229.9 Spec 19.3 26.3 1.36 
48.9 | 340.5 | 289.5 | 0.188 594.6 401.5 3.4 30.65 18.3 1.43 
55.4 | 267.2 | 369.3 | 0.228 796.6 550.4 3.45 41.2 14.2 1.52 
6159) | 220 Sa 42 0.252, 936.7 655.7 3.5 49.6 1253 1.45 


* All values determined on two thirds of supernatant. 


—o-— ribonuclease A 


—@— ribonuclease B 


40 


30 


Total N precipitated in yg.N 


ldots eS ae 4 ee OO Gee, 1) us, Oa, AD wiclOeal tants 
Antigen N added in yg. N 


_Ficure 8. Precipitation of total antibody with ribonuclease A and ribonuclease B. Each. 
mixture contained 0,033 ml. gamma globulin (from a pool of ribonuclease inne (pool oO). 
ean fe and a ler er Sgt et al.%) from a preparation of crystallized bovine 

muclease (Armour - ; mixtures of antigen and antibo i i 
at 37° C, and were then kept for 6 days at +2° C. Ser Gk —_ 
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The preliminary removal of part of the antibody, contained in the serum, 
can also be carried out with ribonuclease B. The residual antibody thus ob- 
tained still gives a larger precipitate when mixed with ribonuclease A than 
when it is mixed with ribonuclease B (FIGURE 9, right hand side). Thus, 
irrespective of whether the content in antibody is decreased by the preliminary 
addition of ribonuclease A or B, a residual fraction of antibody is obtained 
which contains more antibody precipitable by ribonuclease A than precipitable 
by ribonuclease B. 


B0 7 62 % antibody previously precipitated with ribonuclease A : 80+ 66 % of antibody previously precipitated with ribonuclease B 


70 + / \. 70+ 
\ 


_ Total N precipitated ( yg) 


Antigen N added in yg. 


Ficure 9. The reaction of ribonucleases A and B with antibody from which a fraction 
was previously removed by precipitation with antigen. Antibody was gamma globulin pre- 
_ pared from a pool of ribonuclease antisera (pool G). Ribonucleases A, B, and gamma globu- 
lin employed were the same as in FIGURE 8. In a preliminary step, the ribonuclease anti- 
serum (gamma globulin) was mixed with enough antigen to precipitate 34 to 38 per cent of 
the total nitrogen precipitable. Constant quantities of the antibody remaining in the super- 
natant were mixed with increasing quantities of ribonucleases A and B respectively and the 
precipitated N assayed after standard incubation (incubation asin FIGURE 8). Key; --—-- ; 
expected quantitative precipitin curve of serum from which a measured amount of antibody 
has been removed; , experimentally observed precipitin curve; —O—, quantitative 
_ precipitin curve of residual antibody with ribonuclease A; —@—, quantitative precipitin 
curve of residual antibody with ribonuclease B. 


The difference between ribonuclease A and B revealed by their interaction 
with residual antibody depends on the amount of antibody removed in the 
preliminary reduction of the antibody content of the ribonuclease antiserum. 
The greater the fraction of antibody initially removed the greater the differ- 
ence in the quantity of precipitate formed by mixtures of the residual anti- 
body with ribonuclease A and with ribonuclease B respectively (TABLE 3, last 
column). This technique could therefore be adapted for the detection of very 
small quantities of impurity of one form of ribonuclease with the other, 

_ Another interesting feature of the interaction of ribonuclease with residual 
antibody is the discrepancy between the calculated and the experimentally ob- 
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served antibody content of residual antibody. The amount of precipitable : 
antibody can be calculated from the direct measurement of the amount off 
antibody precipitated by antigen in the preliminary reduction of the antibody ' 
content of the original serum. This is subject to an error, discussed above, , 
but of no consequence in the following context. A theoretical precipitin curve » 
for the interaction between residual antibody and antigen can be constructed | 
on the assumption that the residual antibody interacts with antigen in exactly * 
the same way as the original (100 per cent) antibody. Such theoretical curves ; 
can be compared with the curves experimentally found. It will be seen from | 
TABLE 3 (see also broken lines in FIGURE 9) that the amount of antibody, pre- - 
cipitated by the addition of antigen to residual antibody, is always less than | 
expected. The discrepancy between expected and observed antibody was } 
greater when more of the total antibody had been removed in the preliminary ° 
precipitation and was greater when the preliminary precipitation had been . 


TABLE 3 


THE AMOUNT OF NITROGEN PRECIPITATED FROM A MIXTURE OF ANTIGEN 
(RIBONUCLEASE A OR B) AND RESIDUAL ANTIBODY 


Calculated amount of residual antibody 
Ob - - 
Ribonuclease Antibo ee remaining served amount of residual antibody Total 6 
used in preliminar after prelimina i ; ‘ . | eee eee 
uelipieation y 2 Sonia Antigen added to residual antibody: Total N ppt. by Rn & 
Rn A RnB q 
A 100 _ =< 0.86 | 
48 84 (71) 0.74 
38 70 (50) 0.63 

B 55 (106) 96 0.74 | 

34 (89) 70 0.63 


carried out with ribonuclease A than when it had been carried out with ribo- 
nuclease B. | 

In addition to ribonucleases A and B the interaction of other fractions with 
residual antibody was examined. A crude fraction of ribonuclease was sepa- 
rated by chromatography of crystallized ribonuclease on Amberlite CG50 
Type II (Hirs ef al.)** This fraction was subjected to a second chromato- 
graphic separation by the same method. A fraction was eluted before ribo- 
nuclease B. The interaction of this fraction (fraction C) with residual anti- 
body showed it to precipitate relatively little antibody (FrGuRE 10). Whether. 
this was due to the presence of a nitrogenous impurity in fraction C was not 
further examined. 

In other instances it was possible to show that nitrogenous impurities can 
be separated together with ribonuclease B as isolated by chromatography on 
carboxymethyl cellulose (FrGuRE 11). On examination of the interaction of 
ribonuclease B (from preparation Sigma R11B-65) it was found that the ribo- 
nuclease B so prepared* not only precipitated much less antibody than did ribow 
nuclease A, but that much more antigen was required to precipitate maximu 
nitrogen with ribonuclease B than was required with ribonuclease A. It was 
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100 residual antibody 


Ribonuclease A 
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30 Ribonuclease B 


Total Antigen N precipitated (ug) 


lL e2eno: 45D G7 8. 910: 
Antigen N (ug) 


Ficure 10. Chromatography on Amberlite CG50 Type II of ribonuclease B separated 
chromatographically from crystallized ribonuclease. (a) Fraction C: crystallized ribonuclease 
(Sigma R50B-095, R40B-074) was fractionated by the method of Hirs et al.2» A crude fraction 
of ribonuclease B was separated. This fraction was subjected to rechromatography by the 
same method as shown. Contents of certain tubes (as shown by shaded areas) were pooled 
and designated as ribonuclease B (€2g0/és00 = 1.52) and fraction C (€2s0/€260 = 1.37). (6) The 
interaction of fraction C, 1ibonuclease B and ribonuclease A (esso/¢260 = 1.52) with residual 
antibody (gamma globulin, pool B) of which 56 per cent had been previously removed by the 
addition of ribonuclease A. Antigen and antibody (0.022 ml.) were incubated for 2 hours at 
37° C. and then for 6 days at 2°C. Key: , total amount of N precipitated from residual 
antibody by ribonuclease A; ------ , total amount of N precipitated from residual antibody by 
ribonuclease B; X —X, total amount of N precipitated from residual antibody by ribonuclease 
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found by electrophoresis in agar and by double diffusion in agar (FIGURE 3} 
that these preparations of ribonuclease B contained considerable quantities of 
the “independent” antigen which has been described in the earlier part of this 
article. Stepwise elution of ribonuclease from columns of carboxymethyl 


cellulose also failed to yield ribonuclease 


Absorbance \=280 my 


| GRADIENT ELUTION FROM CARBOXY METHYL CELLULOSE 


B free of the ‘‘independent” antigen. 


NO-112 


—,— 


300 
Effluent volume (mi) 


H 
Be STEPWISE ELUTION FROM CARBOXY METHYL CELLULOSE q 
: | [| ; 
2 Ib 
O44 i 
8 0.005M Tris 0.005M Tris 0.005W Tris i 
a] 03. 0-.054M NaC! 007! M NoC! O-15M NaCl ' 
| 
024 14-6 { 
2 | 
or , 
300 400 600 | 
Effluent volume (mi) a 
PRESENCE OF ‘INDEPENDENT’ ANTIGEN IN RIBONUCLEASE B 7 
jou: 100: &g 
~ —— vl 
B70 P 270 re as 
a a 
2 Be 
: : eit i < 
6 : 20 f° j 
H rhe ‘ 
20. ~ B20 
: 10 ; 10 4 
ee ae ee eee ane a = | 
123 45 6 7 6 9 0 li 2 3 4 1 6 I7 18 19 20 21 22 23 24 ' 23 45 6 7 6 9 10 Wt 2 13 4 15 16 7 Be S20 
Antigen added (ug N bosed on Absorbonce 4= 280 my) Antigen N odded i 
_. Ficure 11. The presence of nitrogenous impurities (“‘independent” antigen) in fractions of i 
ribonuclease B prepared by chromatography on carboxymethyl cellulose. The chromatog- — 


raphy on carboxymethyl cellulose of crystallized ribonuclease (Sigma R11B-65) by gradient 
elution® (1a) and by stepwise elution (1b) and the interaction with residual antibody of frac- : 
tions obtained by gradient elution (2a) and by stepwise elution (2b). See also FIGURE 3. 


pa cent of the antibody originally present. Key: 
€260 = 


Residual antibody (pool 6) contained 54 
© Antigen: tube 140-141 (see 1a) ego 
Oo tube 79-80 (see 1a) —exgo/eag9 = 
r tube 114-116 (see 1b) €289/ea60 
—@— tube 122-124 (see 1b) e2s0/ea60 


500 


} 


2.08 
1.67 
1.18 
1.26 
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_ It could be demonstrated that the first fraction (FIGURE 11, tubes 114 to 116) 
of B eluted with 0.054 M NaCl, Tris buffer (0.005 M , PH 8.0) contained a 
major portion of the “independent” antigen (FIGURE 11). The complexity of 

_ ribonuclease B as revealed by this type of fractionation might be partly due 

_ to the presence of a component of the “independent” antigen in this fraction. 


The interaction of residual antibody with fractions from denatured ribonu- ' 


clease (FIGURE 7) was next examined (ricuRE 12). Fractions I and II (r1c- 
URE 7) precipitated slightly more antibody than did ribonuclease A. On the 
other hand, mixtures of residual antibody and fraction III (r1cuRE 7) led to 
the formation of relatively small quantities of precipitate. Thus fraction IIT 


_ of the denatured crystallized ribonuclease reacted with antibody as if it con- - 


tained large quantities of antigenically inert protein, whereas the interaction | 


of fraction I and II might be explained by a loss of solubility of the antigen 


and a consequent relatively low solubility of the corresponding precipitates of 
antigen and antibody. 


It has been established thus far that the antibody N precipitable by ribo-* 


nucleases A and B can differ by more than 50 per cent if more than 60 per cent * 
of the antibody is removed from the serum before the relative amount of pre- 


cipitated antibody is measured. The quantitative precipitin test can thus - 


become an extremely sensitive tool in revealing differences between ribonu- 
cleases A and B. 


The Nature of the Difference Between Ribonucleases A and B Shown by 
Their Interaction with Residual Antibody 


The question next posed must concern the mechanism of interaction under- 


lying the observation presented in the foregoing pages. In view of the re-* 


ported differences between ribonucleases A and B in only one in the number of — 


free carboxyl groups,® the extent of the immunochemical difference is cer- 
tainly remarkable. In seeking insight into the reaction, the following possi- 
_ bilities were considered: (1) the different reactivity of the two antigens may 
be due to the presence of non-specific factors; (2) it may be due to the pres- 
ence of large quantities of antibodies directed specifically to the particular 
group (determinant) in which the two enzymes differ; and (3) it may be due 


to differences in the solubility, rather than in quantity or in specificity, of the _ 
antigen-antibody complexes; so that the amount of antibody available for in- = 
‘teraction would be the same whether the antigen is ribonucleases A or B. . 


This third possibility implies that the solubility of the compound between 
residual antibody and ribonuclease B is greater than is the solubility of residual 
antibody with ribonuclease A. 

The importance of nonspecific factors may be considered first. It is con- 


ceivable that the presence of complement is of importance in rendering the - 


"precipitate insoluble. The quantity of complement in an immune serum was 
‘therefore reduced by adding 100 ug. N of a complex of albumin antibody and 
human albumin to each milliliter of ribonuclease antiserum. The amount of 
ribonuclease precipitated by a ribonuclease antiserum thus treated was no 
different from an antiserum not so treated. If after the removal of comple- 
. ment, 50 per cent of the antibody was removed, the amount of ribonuclease 


a 
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precipitated was again of the same order of magnitude as it was when the 
‘residual antibody was not decomplemented (FIGURE 13). This experiment 
indicated that complement was not a contributing factor in the phenomenon 
studied. 

Among nonspecific factors the presence of macromolecular impurities must 
be considered. Such impurities could interact preferentially with one of the 
two antigens and thus interfere with the reaction of its combinant with anti- 
body. Crystallized ribonuclease contains a substance first eluted in most 
chromatographic systems of fractionation and characterized by a high absorp- 
tion at \ = 260 my; it appears to be a contaminant in most purified prepara- 
tions of ribonuclease B. Was it possible that this substance formed a complex 


@ Pool of ribonuclease antiserum B Pool of ribonuclease antiserum from which 
160 — 50 % of the antibody had been previously removed 
by addition of antigen 


140 
120 
100 
80 
60 
40 


Total N precipitated (yg) 
eS sss aus. s 


20 


2 4 6 8 10 12 14 I6 18 20 22 24 2 4 6 8 10 l2 14 & I8 20 22 24 
Antigen N added (yg) 


Ficure 13. The effect of reduction of complement on the interaction between ribonu- 
clease antiserum and crystallized ribonuclease. Decomplementation: a comparison of the 
interaction of crystallized ribonuclease with undecomplemented serum (pool G) and with se- 
rum from which some complement had been removed with a precipitate of an unrelated antigen 
(human albumin and its antibody). (a) Interaction of ribonuclease with whole immune se- 
rum (0,100 ml.) and with immune serum (0.100 ml.) from which complement had been re- 
moved. (b) Interaction of ribonuclease with immune serum (0.101 ml.) from which one half 
the antibody had been previously removed with ribonuclease, and with immune serum (0.102 

ml.) from which complement had first. been removed, and from which subsequently half 
the antibody had been removed with ribonuclease. Mixtures of antigen and antibody were 
kept for 2 hours at 37°C. and then for 6 days at 2° C. Key: -©-, undecomplemented 
serum; —O—, decomplemented serum. 


- 


with ribonuclease B and increased the solubility of complexes between ribo- 
nuclease B and antibody? To examine this possibility, a preparation of ribo- 
nuclease A which had an exceptionally low ratio (¢280/€2s0) was selected and its 
interaction with residual antibody was examined. The difference between this 
preparation of ribonuclease A and preparations of ribonuclease B was of the 
same order of magnitude as had previously been found with ribonuclease A, 
which had the ratio of €og0/€20 = 1.82. Furthermore, a comparison was made 
between two preparations of ribonuclease B that differed in their ratio €2s0/ 
€4) but which also differed in that the compound having the lower ratio did not 
contain any ribonuclease A, whereas the compound with the higher ratio did 
contain ribonuclease A. The compound having the higher ratio and containing 
“some ribonuclease A precipitated more antibody than the compound having 
‘the lower ratio and containing no ribonuclease A. The difference could be 
explained most adequately by the presence of ribonuclease A in one of the prep- 
D 
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arations of ribonuclease B in view of the fact, already mentioned, that ribo- - 
nuclease A, having a very similar ratio €230/€260 to one of the two preparations ; 
of ribonuclease B, precipitated much more antibody than that preparation of 
ribonuclease B (FIGURE 14). 

To confirm the conclusions of this experiment a protein-free fraction, strongly * 
absorbing at \ = 260 my (€sg0/€200 = 0.76) was isolated from crystallized . 
ribonuclease by chromatography on carboxymethyl cellulose.® This sub- : 
stance* was then mixed with ribonuclease A and a comparison was made of © 
the interaction with residual antibody of this mixture, of the original ribonu- 


THE PRECIPITATION OF RESIDUAL ANTIBODY WITH RIBONUCLEASE A AND TWO PREPARATIONS OF B 


Residual antibody (55-9% having been previously removed Residual antibody ( 5!-6% having been previously 
with ribonuclease A) | removed with ribonuclease B) 


110 Te} 
eo 100 a( £280. 1-52) 
©260 
90 90 
80 __ 80 
2 70 = 70 
=a ao] 
~ = 
3 60 3 60 S\ems 
3 ‘a B (£280. 1-52 
& 50 a ( £282.1.52) $ 50 ea! ) 
= 260 a 
a 40 2 40 : 
z s €z80 
30 280. 1.52 3 30 Scena 
3 a(gzee ) AS) . E260 ) ' 
e 20 (£289. 1.4) 20 
E260 
10 10 
bes 53) 4 SiGor) 89-0 1.23. 94 0546 7% je Smo | 
Antigen N (yg) Antigen N (yg) : 


Ficure 14. A comparison of three fractions of ribonuclease, showing that there is no 
correlation between ratio of absorbance at 260 mu and 280 mu of the preparations and their 
interaction with residual antibody. Fractions of ribonuclease obtained by chromatography 
on Amberlite CG-50 Type II. Mixtures of antigen and residual antibody (0.022 ml. pool B) 
were kept for 2 hours at 37° C. and subsequently for 6 days at 2° C. 


Content of ribo- ; 


Symbol Preparation Source muclense uN €230/€260 7 
Oo A (Sigma RSOB-095) 100% 1.52 
—@— B (Sigma R50B-095, R40B-074) Some 1.52 
e B (Armour 381-062) None 1.40° 9 


clease A and of ribonuclease B. It was again found that ribonuclease A pre- 
cipitated more N from the residual antibody than would ribonuclease B. 
Ribonuclease A and ribonuclease A mixed with the protein-free fraction, pre-— 
cipitated the same amount of antibody (FicuRE 15). In immunoelectrophore- 
sis no effect on the mobility or homogeneity of ribonuclease A could be ob- 

served as the consequence of the addition of the protein-free fraction. As a 
consequence of the above experiments the second nonspecific factor could be 

ruled out from consideration and explanations could be sought in the interac 
tion between antibody and antigen themselves. 


*The absorption of this compound was very similar to that of guanine: at acid pH id 
shows a peak at 257 my and a shoulder at 272 my; at neutrality pees a peak at 253 my. 
The ratio of absorptivity between acid and neutral solutions is 1.18, | 
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The fact had to be considered that a moiety of the antibody was capable of 
combining with only one of the two antigens. This explanation seemed un- 
likely since residual antibody reacted preferentially with ribonuclease A, irre- 
spective of whether antibody had been initially removed by ribonuclease A 
or by ribonuclease B (FIGURE 9). This observation excluded the possibility 
that a proportion of the antibody was adapted to an antigenic site, present on 
the surface of ribonuclease A but not on the surface of ribonuclease B. From 
this negative conclusion the problem arose whether the total quantity of anti- 


THE POSSIBLE INFLUENCE OF A NONPROTEIN FRACTION 
ite) ONTHE INTERACTION BETWEEN RIBONUCLEASE AND 
RESIDUAL ANTIBODY 
100 (46% of antibody removed by addition of ribonuclease A 
previously) 


) 


40 


30 
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-  Frcure 15. A protein-free fraction (€2s0/e2s0 = 0.76) was isolated from crystallized ribo- 
nuclease (Sigma R110B-092) by chromatography on carboxy methyl cellulose. Ribonuclease 
‘A (€os0/€260 = 1.82) was isolated from crystallized ribonuclease (Sigma R50B-095) by chro- 
matography on Amberlite CG 50 (Type I1), followed by chromatography on carboxy methyl] 
cellulose. Ribonuclease B (€2so/e2e0 = 1.40) was isolated by chromatography on Amberlite 
CG 50 (Type II) from crystallized ribonuclease. A mixture (€280/e200 = 1.32) was made of 
ribonuclease A and the protein-free fraction. The various antigens were mixed with residual 
antibody (0.027 ml., pool 6), incubated for 2 hours at 37° C. and then for two days at +2° C. 
Key: —O-—, ribonuclease A; —Q@—, ribonuclease A mixed with protein-free fraction; —@—, 


ribonuclease B. 


body available for combination with ribonuclease A and with B was really dif- 
ferent. By quantitative precipitin tests a considerable difference had been 
demonstrated, but was this difference a reliable indication of the reactivity of 
the total antibody in the system? This question was examined by estimating 
the amount of antibody in terms of its inhibitory capacity.” By these means 
it could be conclusively demonstrated that ribonuclease antisera contained 
a considerable proportion of antibody which, although combining with the 
enzyme, would not precipitate with it. The relative amount of antibody 
contained in the original serum and in residual ribonuclease antiserum was 
‘determined by quantitative precipitin test and by measurement of inhibitory 
capacity. The latter test was carried out by determining neutralization curves 


a 


“ae 
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based on the enzyme activity of mixtures of antigen and antibody. Constant 
quantities of enzyme were mixed with different quantities of antibody; after 
30 min. incubation at 37° C. the mixtures were added to the substrate, ribose 
nucleic acid. The enzyme activity was then determined manometrically. , 
Enzyme activity of mixtures of ribonuclease A and antibody were expressed 


THE INHIBITORY ACTION OF RIBONUCLEASE ANTISERUM BEFORE AND AFTER 
100 _ PRECIPITATION OF 46% OF THE ANTIBODY . 
(mixtures of constant quantities of ribonuclease A and different quantities of serum) 


60 


Per cent activity 


—3:4 -3:3° =3:2'-3:|" -30) =-29 +28 -27. —26 —25 -2-4 -2:3 -2:2 =24 
Log volume of ribonuclease antiserum (ml) 


Ficure 16. A comparison of antibody content before and after removal of some of the | 
antibody by specific combination with ribonuclease A. Enzyme activity was measured mano- | 
metrically by determining the CO: evolved from a bicarbonate buffer as a consequence of the - 
liberation of phosphate groups in nucleic acid. Activity of antibody was estimated by the 
inhibition of enzyme action. Different amounts of antibody (serum, pool 6) were added to 
constant amounts of enzyme (0.5 ug. N). The activity of each mixture was expressed as the 
percentage of the activity of enzyme in the absence of antibody. The percentage activity was 
plotted as a function of the logarithm of the volume of ribonuclease antiserum in each mixture 
The displacement between the linear portions of the resulting curves is the log of their relative 
content in antibody. By this method the residual antibody was shown to contain 70 per cent 
of the antibody in the original serum from which no antibody had been removed. Measure- 
ment by quantitative precipitin assay had given a value of 54 per cent. Key: —X—  ribo- 
nuclease antiserum containing 100 per cent antibody; —O—, ribonuclease antiserum from 
which 54 per cent of the total antibody, judged by precipitin assay, had been previously re-_ 
moved by precipitation with ribonuclease A. — 

i) 


in terms of the activity of the enzyme in the absence of antibody. The per- 
centage activity thus obtained was plotted as a function of the logarithm of 
the volume of ribonuclease antiserum in each mixture. Neutralization curves 
were measured with mixtures containing the original serum and the residual 
serum respectively. The horizontal displacement between the linear portion 

of these two neutralization curves is the logarithm of the ratio of the antibod 

content of the two sera (FIGURE 16). The antibody content of the residual 
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“serum was 70 per cent (as a fraction: 0.703 + 0.036) of the antibody of the 


‘ 


original serum, judged by inhibitory capacity. By quantitative precipitin 
assay the residual serum was estimated to contain 54 per cent of the antibody 
present in the original serum. Thus approximately 16 per cent of the anti- 
body present in the original serum could combine with antigen but could not 
precipitate with it. 

Neutralization curves were next constructed from the measured activity of 
mixtures containing residual serum and ribonuclease A and B respectively. 


A COMPARISON OF THE INHIBITION OF RIBONUCLEASES A AND B BY RIBONUCLEASE’ 
100 ANTISERUM FROM WHICH 46% OF THE ANTIBODY HAD BEEN PREVIOUSLY 
REMOVED BY THE ADDITION OF ANTIGEN 
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Ficure 17. The effect of residual antibody on the catalytic action of ribonuclease A and 
B. Prior to the experiment some antibody was removed by the addition of ribonuclease A 
to the serum (46 per cent as judged by quantitative precipitin assay, 30 per cent as judged by 
inhibitory capacity). { F 

Mixtures of enzyme (constant quantity, 0.5 wg. N ribonuclease A or 0.49 yg. N ribonuclease 


 B) of residual antibody (from serum, pool 6) (varying quantities) were incubated at 37° C. for 


ye 


be attributed to the dissociation between the antigen and the antibody. If 
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30 min. and then were added to ribose nucleic acid. The activity of the mixtures of antigen- 
antibody was measured manometrically (CO: evolved 10th to 35th min.) and expressed as a 
percentage of the activity of the enzyme in the absence of antibody. Key: —O—, ribonu- 
clease A; —@—, ribonuclease B. 


In Ficure 17, the percentage activity is plotted as a function of the volume 
of serum. As will be seen from the figure, ribonucleases A and B are inhibited 
to the same extent. It follows, therefore, that the amount of antibody com- 
pining with ribonucleases A and B is the same. The difference manifested in 
the interaction of the same reactants in the quantitative precipitin test must 
be due to the relative solubility of the complex of ribonuclease A with residual 
antibody and of ribonuclease B with residual antibody. ae 

It is unlikely that this difference between combination and precipitation can 


“such a difference existed in interaction of ribonuclease A with residual antibody 
and of ribonuclease B with residual antibody, this would manifest itself in the 
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neutralization curves by a difference in the slope of the neutralization curves § 
of the-two enzymes. Such a difference, however, has not been observed (FIG- - 
urE 17). It therefore seems most probable that the differences between ribo- - 
nucleases A and B observed in the quantitative precipitin tests are due to the : 
fact that the differences in surface between ribonucleases A and B lead to the : 
formation of complexes between antigen and antibody which would have a: 
different solubility; as a consequence, a proportion of the antibody molecules ; 
would be soluble with both antigens, and another proportion would be insolu- - 
ble with both antigens. A third fraction of antibody, with intermediate prop- - 
erties, would be soluble or insoluble, depending on the contribution of the : 
antigen to the solubility of the complex. It may thus be concluded that the : 
immunochemical differences between ribonucleases A and B, manifested so | 
decisively with residual antibody, can probably find their explanation in the : 
relative contribution to the solubility of the two antigens when combined with | 
antibody. 


Discussion 


Crystallized ribonuclease contains 5 forms of the enzyme that appear to > 
differ from one another by their electrophoretic mobility. With 3 of the $ 
forms described, the molecules, identified by immunoelectrophoresis, can be — 
identified as chromatographic entities. Taking the nomenclature of Hirs — 
et al2*” as a starting point and the classification of serum proteins as a model, 
the multiple forms of ribonuclease may be designated as A; (FIGURE 4), Ag. 
(FIGURE 5), Bi, Be (FIGURES 3, 4), and pre-A (FIGURE 6); A; and Be are identi- 
cal with the principal components described by Martin and Porter and b: 
Hirs ef al.” B; might be identical with des-lysino ribonuclease.” 

The possibility can be ruled out that some of the minor components (As, | 
B,, pre-A) may be complexed with the protein-free material (€2s0/€200 = 0.76) 
that is known to be present in crystallized ribonuclease. This possibility has . 
been excluded in the case of ribonuclease A; and ribonuclease Be and is very 
unlikely to apply in the case of the other forms of the enzyme. In fact, ex- 
periments in which ribonuclease A; was mixed with the protein-free fractions, 
(€80/€260 = 0.76) and in which the resulting mixture was subjected to immuno- 
electrophoresis, showed that the mobility of ribonuclease A is independent of 
the presence of the protein-free fraction. 

By means of a method of partial absorption, a very considerable difference 
was demonstrated between ribonucleases A; and B,. Factors responsible for 
these differences have been analyzed experimentally and were shown to be 
probably attributable to the contribution of antigen to the solubility of the 
compound of antigen and antibody. In the light of this interpretation, the 
observations made with residual sera containing different percentages of re- 
sidual antibody can be readily understood. In these experiments (TABLE 3) 
a discrepancy was noted between the calculated and the experimentally ob- 
served antibody content of residual antibody and furthermore the difference 
between the amount of antibody precipitated by ribonuclease A and ribonu- 
~clease B was greater the smaller the fraction of remaining antibody. Both 


these observations are attributable to the role of the soluble complex of anti- 
gen and antibody. 
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The original serum contained precipitable as well as nonprecipitable anti- 
body. The proportion between precipitable and nonprecipitable antibody 
was changed after removal of some precipitable antibody. Consequently the 
residual antibody contained much more nonprecipitable antibody than did 
the original serum. Thus an antibody originally heterogeneous, with respect 
to the solubility of antibody-antigen complex, apparently becomes: progres- 
‘sively enriched in nonprecipitable antibody with removal of portions of pre- 
cipitating antibody. As the proportion of soluble antibody in the serum in- 
creases so does the proportion o antibody precipitable by EOMIBCCAEE Ay 

antibody precipitable by ribonuclease Bs 

In the chromatographic fractionation of denatured ribonuclease A a fraction 
was isolated that precipitated more antibody than did any native fraction of 
ribonuclease. This phenomenon was again attributable to the presence of a 
fraction of antibody combining with antigen to give a relatively soluble com- 
plex with antigen and to changes in the denatured antigen leading to a relatively 
insoluble complex of antigen and antibody (FIGURE 12). 

In the experiments described, the residual antibody revealed differences 
between related antigens in the quantitative precipitin test, but not in tests 
based on enzyme neutralization (ricURE 17). This is not surprising, since 
highly ‘‘avid” sera were employed throughout that would combine so firmly 

_ with antigen that small differences in reactivity with antigen would be difficult 

to detect. Such differences have, however, been found in other systems. 

Pollock has applied the method of residual antibody imaginatively in his 
- characterization of the multiple forms of penicillinase.1* He has relied entirely 
on tests of the enzyme activity of mixtures of penicillinases and antibody and 
has found marked differences in the penicillinases of strains of Bacillus cereus 
569 and 5/B.” Partial absorption of antibody with either 5/B or 569 peni- 
cillinase left a residual antibody that had a much higher inhibitory capacity 
with respect to 569 penicillinase activity than it had with respect to 5/B peni- 
_ cillinase activity. Pollock suggested that antibodies of low avidity. -(“‘ineff- 
” cient” antibodies) are left behind selectively on partial absorption. These 
“inefficient” antibodies would nevertheless be relatively more efficient against 
the homologous antigen. 

We have described the effect of the solubility of the antigen-antibody com- 
plex on the ‘nteraction of two very similar antigens with residual antibody. 
From the interaction of residual antibodies with penicillinase it may be con- 
cluded that “avidity” of antibody may be a factor, under other circumstances, 
_ which may play a part in this type of interaction. ¥ 
‘Tt may well be that the differences found in neutralization tests with anti- 
; body and the two penicillinases, on one hand, and with antibody and the two 
| ribonucleases, on the other, are not attributable to the respective structural 


——— = eee! ee 


differences between the members of each of the two pairs of antigens, but to 
differences in the over-all avidity of the sera used in the investigation of ribo- 
nuclease and of penicillinase. The sera used in the investigation of ribonu- 
~ clease were uniformly of very high avidity. This was a deliberate choice, 
since it made an analysis of the interaction of ribonuclease Ax and ribonuclease 
oe much simpler than it would otherwise have been. However, it is clear that 
_ in applications of this method to other closely related antigens, the use of both 
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avid and of ‘nonavid sera could be of considerable advantage. The use of) 
sera of great avidity probably confines the application of the discriminating, 
potential of the residual antibody to the quantitative precipitin assay. This 
assay, however, is only applicable with preparations which are essentially free 
of unrelated antigens, whereas a test that would be based on discrimination b 
changes in activity due to inhibition of enzyme by antibody'**> would be ap- 
plicable to relatively impure preparations of antigens. aber 

The general applicability of the quantitative precipitin test with residual: 
antibodies still remains to be explored. It has been shown in the foregoin 
pages that this test was useful in the examination of denatured fractions of 
ribonuclease as well as of ribonucleases A; and B,. In another antigen-anti- 
body system, bovine hemoglobin A and B,'* in which the antigens differed to: 
about the same extent as the two ribonucleases, a difference between the two 
antigens could not be established by the interaction with residual antibody; 
(Bangham and Cinader, unpublished). 


Summary 


Five forms of ribonuclease could be found in crystallized bovine pancreatic: 
ribonuclease. Ribonucleases A and B were isolated and considerable differ- 
ences between these two antigens were found in their interaction with anti- 
body, from which a fraction of antibody had been previously removed with 
ribonuclease A or B. This method was also applied to the study of fractions 
of denatured ribonuclease and immunochemical differences between them and 
native ribonuclease were found. The mechanism underlying the difference of 
the activity was investigated. It was shown to be attributable to the differ- - 


ent solubility of antigen and antibody complexes formed between residual antic - 
body and ribonuclease A and B, respectively. | 


} 
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A. Samurts (Department of Pathology, Dartmouth Medical School, Hanover, 
N.H.): Ki the structures to which we are thinking of applying the name isozymes 
are due to changes in primary structure of the enzymes based upon the selection 
of particular proliferating cells in an organ that therefore result in a change in 
the proportion in certain cell types during disease or physiological stress 1t might 
therefore be a reproducible phenomenon. However, if there are conformation 


: Discussion on Nomenclature 
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changes that occur (nonnucleic acid mediated changes) that result in meta- 
stable states that may be changed back into the original form as the conditions 


vary slightly we might not be justified in calling these isozymes. Examples of 
illinase of Pollock and Citri mentioned by 

Schlamowitz and the case of myosin A (a and b forms) that are interconvertible 
as found recently by Brahms.* The changes in disease states mentioned by 
Allen and in thé case of denervation atrophy on which I have reported} may 

be either of the above types of change. The third type of change that may 
occur may be the conformation changes that take place during substrate com- 


* J. Am. Chem. Soc. 1959. 81: 4997.” 
+ The Physiologist. 1957, 1: 24. 
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bination,* for which there is now immunoenzymological eviden 
rotation evidence.t This last’ type of change might also conceit 
an isozyme, although it probably would be detected by the curr 
rium” techniques of: starch electrophoresis and dren aan ily 
enzyme substrate complex were very firm. ie ee 


* The Enzymes, Lumry, R, Chap. 4; Koshland, D. Chap. 7, Schellman, 


Chap. 10. Editors, Boyer, Lardy and ‘Myrbick. 
{SamvueEts, A. 1961. Biophys. J. 1(6): 437; Biophys. Soc. 1961. 5 TBS, 
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